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‘ j ‘HANSTENT  pressures  iri  fluids  l.avc  been  studied  by  piezo- 

A electric  clcmcnta  having  n dink  or  slat)  shape.'*  A piezoc'icdi  k 
element  which  conforms  to  the  curved  wall  of  a shock  tube  has 
been  constiucted  of  barium  titanatc  ceramic;  this  material  can  i t: 
molded  into  various  shapes  and  the  orientation  of  its  piezoelectric 
axes  chosen  at  will.  Minimum  disturbance  of  the  flow,  a large  sen 
sitive  area,  and  simplicity  of  mounting  result  from  the  symmetry 
of  the  ring-shaped  element  whose  inside  diameter  is  the  same  its 
that  of  the  shock  tube. 

The  mount  for  the  piezoelectric  element  is  shown  in  big  I . The 
gauge  mount  can  be  inserted  between  flanges  a!  any  point  in 
shock  tube.  The  tj-in.  i.d.Xlf  in.  o.d.Xi-in.  ceramic  element  is 
of  Glcnnite  No.  103,  made  by  the  Gulton  Mamifnetucing  Corpora 
tion.  Silver  platings  on  the  inside  and  outside  surfaces  serve  as 
electrodes  both  for  initially  polarizing  the  ceramic  in  the  radial 
direction  and  for  pickup  electrodes  when  it  is  used  us  a piezoelec- 
tric element.  The  outside  ciecirodc  is  electrically  insulated  from 
the  duralumin  mount  by  a ' * itc  ring  and  by  !*v  ihick  Nut 


I'Ki*  i • Momit  fur  ring  lyi*  i>i***ocl»*cirJc  clement.  "O’*  rings  I'miu  ga.i 
wain  where  the  mourn  in  Imltcri  between  fiaugen  i>f  the  Knock  lube.  | Inch 
<llRmrtr*.  hurdrnwl  rteel  pin**  are  used  at  all  lotnls  for  alig  mrut.  The  Inner 
rlretrode  ib  grcun<le<l  with  O.IXH  inch  gol»!  foil  suhUrnl  in  !*ii\er  pl.t! lug 
nm1  preK*«ec|  between  (Itirahimin  irmjnl  and  rub1x*r  s»e;»l. 


irrh  12. 


I*  n;.  2.  0.*4*’}||ng<ii|>liii.  fecnr:|  of  i>oi  rot  iulx  •«p;*Mr  ing  hithk-s  | wo  gmiKc^ 
and  n eoiid^nsor  rmincete.l  in  imrallel  »;h  iv/i  uvertakins  ?htx'k«  The 

Hi.chlrn  hicrcascH  in  t»rr*Mi  re  wtiii  the  arrival  of  each  *lt<u*k  nt  n 
damjie*!  \ Ihrat iou**  having  the  mitiirul  frequency  nf  the  <-len»r;n. 

prene  rings.  'I'he  hd.tcr  are  gas  seals  which  a'sii  help  to  dump  t be 
free  vibrations  of  the  piezoelectric  clement. 

I'he  approximate  characteristics  observed  for  the  three  gauges 
which  have  lic«*<>  built  arc 

dc  leakage  resistance  >20d  megohms, 
capacity  0.005  gf, 
sensitivity  —1000  w toulomb/psi 
iiuiiirii!  frequency — 4 X 1 1t*  sec  1 

etampieg  of  natural  vibrations  -half  amplitude  -in  7.5  gsce. 

Pressures  above  60  psi  have  not  been  used  so  the  ultimate  strength 
of  the  element  is  not  known.  ’I'he  electrical  behavior  of  the  clement 
is  such  that  it  docs  not  have  a ctpacit.V'ce  in  the  ordinary  sense; 
the  value  given  was  obtained  by  momentarily  shunting  the  cle- 
ment across  n charged  0.05  m condenser  and  noting  the  change 
in  |>otcritial  difference  with  nn  electrometer. 

The  dc  amplifiers  arc  used  in  recording  the  transient  potentials 
appearing  across  the  gauge.  The  input  amplifier  has  a floating 
input  grid  so  that  the  input  impedance  is  greater  than  10*  ohms 
“•>*'  shunting  capacitors  of  0.05  «f  or  greuter  may  be  used  to 
permit  recording  during  30  msec  intervals  witho'd  an  observable 
electrical  transient.  RC  coupling  with  4 second  lime  constant  is 
used  to  it  tie  cathode  ray  deflection  amplifier  The  cathode-ray 
sj >'  t is  recorded  on  3S-mm  film  in  a rotating  drum. 

Figure  2 is  a portion  of  a record.  In  this  example,  two  gauges 
2 in  apnrt  in  the  shock  tube  are  in  parallel  with  u 0.1  j.f  capacitor 
Two  shocks,  one  overtaking  the  other,  arc  both  recorded  at 
each  gauge. 

The  reproducibility  of  records  obtained  by  successive  trials 
with  identical  starting  conditions  is  within  the  2-3  percent 
accuracy  with  which  the  deflections  on  the  film  can  he  measured. 
However,  the  proportionality  of  deflection  on  the  film  to  pressure 
in  the  shock  tube  has  not  been  demonstrated.  Thir  gauge  suffers, 
in  common  with  all  piezoelectric  gauges,  the  disadvantage  'hat  it 
cannot  be  calibrated  statically.  This  anil  three  olher  types  of 
pressure  gauge  have  confirmed  n continuing  rise  in  pressure  of  the 
gas  in  the  shock  tube  after  the  shock  onuses 

Thus,  even  though  the  pressure  jump  across  the  shock  is 
known  bom  shock  velocity  measurements,  rt>  that  the  initial  rise 
can  be  calibrated,  it  is  not  possible  to  calibrate  the  long-time 
characteristic  of  the  gauge  in  the  shock  tube  by  assuming  constant 
pressure  in  the  flow  following  the  shook.  An  observed  temperature 
sensitivity  of  the  gauge  has  been  reduced,  probably  in  a ncg'igiblc 
level,  by  covering  the  inner  surface  with  Scotch  Klectrical  Tape. 

* SulHKirieil  by  i he  I S.  Office  ..I  Nium  Kicv-nri  l< 
t l.illnm  Mnimf  u turing  f’orpniiiii.Mi,  Mi-linTirii.  Nr«  |er«c> 

’ .V  B.  Arons  anti  H It.  Ci.lr.  Kcv  Si.  lour.  21,  ri  (i')SII) 


DENS  J'.TY  MEASUREMENT 


IN  SHOCK  T»7BE  plow  w tth 
THE  CHROIIO- INTERFEROMETER 

fey 


O UlUi 


Technical  Report  No  4 
Project  NR  06.1-063 
issued  under  contract  N7onr 39302 
■between  the  Office  of  Naval  Research 
and  the  Institute  of  Res ear oh, 
Lehigh  University 


This  report  which  comprises  the  Ph.D.  thesis  of  the 
author  describes  the  design,  development,  and  test- 
ing of  & new  instrument  --  the  chrono- interferometer 
--  for  transient  flow  measurements,  and  presents  an 
extensive  set  of  measurements  made  of  gas  density 
throughout  shock  tube  flows-  This  work  constitutes 
a part  of  a program  of  study  of  transient  flow  of 
gases  in  a tube,  jointly  supported  by  ONR  and  the 
Physics  Department-  The  researoh  reported  herein 
was  performed  from  September  1951  to  February  1954. 
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A new  instrument  measuring  absolute  gas  ueiisitics  in 
unsteady  flows  as  a function  of  time  has  been  developed. 

The  instrument  is  best  suited  to  the  study  of  one-dimen** 
sional  flows  without  steep  dens ity  gradients;  its  chief 
advantage  lies  in  the  absence  of  any  essential  limitation 
to  the  extent  of  a flow  which  it  can  record,  by  studying 
the  density  variation  in  space  and  time  throughout  primary 
shock  tube  flo>ys  in  a 3,5  cm  diameter  tube,  it  has  been 
found  that  1)  the  gas  density  increases  within  the  hot  gas 
by  as  much  as  50$  of  the  density  increase  across  the  shock, 
<?.)  the  cold  front  spreads  out,  eventually  occupying  a space 
along  the  tube  equal  to  60  tube  diameters,  and  3)  the  den- 
sity decreases  within  the  rarefaction  in  the  chamber  by 
only  80$  of  the  decrease  which  would  occur  in  the  centered 
isentropic  wave  ordinarily  assumed  in  the  ideal  shock  tube 


theory. 
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Predictions  of  the  gas  i'iov;  in  a shock  tube  ars  aus- 
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is  supposed  that  immec: lately  upon  bursting  the  diaphragm 
which  initially  divides  the  tube  into  the  high  pressure 
chamber  and  the  low  pressure  channel,  a shock  and  a rare- 
faction form  at  the  diaphragm  position*  At  this  instant 
and  at  this  position,  the  shock  and  the  rarefaction  are 
taken  to  be  p'iane  and  fully  developed.  Second,  by  assum- 
ing that  the  subsequent  flow  is  one  dimensional,  adiabatic, 
and  inviscid,  interactions  with  the  walls  of  the  tube  are 
neglected.  It  is  considered  that  the  flow  is  uniform  and 
steady  between  the  shock  and  ra.  efaction  with  a contact 
surface  moving  with  the  gas  from  the  diaphragm  position. 

The  shock  progresses  down  the  tube  with  a constant  speed.1 2 3 4 

Under  conditions  at  which  shock  tubes  are  usually 

~ * “i  ~ 4.  4 V - - ~ - - — - — 4..u~  4 J 1.U  — 

v^vuia  vau  ^ uaibuinuxuwo  uyuii  ciio  iut?aiJL/jDU  v 

agree  reasonably  well  with  experimental  results.  It  Is 
generally  recognized,  however,  that  the  agreement  Is  not 


exact.  Measurements  have 


that  the  shock  vslool* 


ty2*3,4,5  an(j  dQn3ity  change  across  the  shock^  are  less 


1.  The  mathematical  treatment  of  the  idealized  shock-tube 
flow  la  eurnmarizod,  in  appendix  C. 

2.  Bleakney,  »velmer,  and  Fletcher,  Rev,  Sci.  Instr.  20, 

807  (1949) 

3.  R.  J.  Emrich  and  C.  W.  Curtis,  J.  Appl.  Pnys . 24_,  360 
( 1952 ) 

4.  R.  N.  Hollyer,  Jr.,  Engineering  Research  Report  TO  IV, 
University  of  Michigan  (1953) 

6 P.  K . Lcbb,  Institute  of  Aerophysic3  Report  Nos  Uni- 
versity of  Toronto  (1950) 


th«n  predicted  by  theory.  The  shock  velocity  is  not  con- 
stant as  the  shock  travels  dev?n  the  tube.3  It  hao  been 
demonstrated  that  the  region  of  flow  between  the  shock  and 

»»  rt  vi  ^ <*  ri  ^ n n ■ - —j  * ? n ia/4  r*  4-  r\  r\  A 4 • 5 g S _ 

Further  study  of  the  processes  taking  place  in  the 
shock  tube  requires  more  detailed  measurements  throughout 
the  entire  extent  and  duration  cf  the  flow.  Of  the  per- 
tinent variables  which  may  be  used  to  specify  the  flow  — 
temperature,  pressure,  density,  particle  velocity,  shock 
velocity,  and  Mach  number  only  shock  velocity  and  den- 
sity have  been  demonstrated  to  be  susceptible  to  absolute 
measurement.  Shock  velocity  measurements,  however,  only 
give  information  on  the  flow  directly  behind  the  shock* 
Therefore  the  second  variable  susceptible  to  absolute 
measurement,  the  density,  was  measured  by  optical  inter- 
ferometry for  the  further  study  cf  shock-tube  flow  which 
is  presented  in  this  thesis. 

To  find  gas  density  by  interferometric  means  through- 
out the  entire  extent  and  duration  of  the  flow,  measurement 
can  be  made  either  over  a region  in  space  at  a given  time 
or  over  a period  of  time  at  a given  position.  The  first  of 
these  methods  has  been  applied  to  tho  study  of  a wide  range 

6,  F.  'M  . Geiger  and  C.  "v , Mautz,  Engineering  Research 
Institute  Report  TO  IV,  University  of  Michigan  (1949) 


of  problems2  . but  the  me  a s u r e me  n t throughout  the  lor  g e 
extent  and  duration  of  the  shock-tube  flow  is  performed  more 
efficiently  over  a period  of  lime  at  a fixed  position.  The 
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termed  the  "chrono-interfercmeter*' . 

The  13  meter  long  shock  tube  previously  used  in  the 
shock  velocity  less  studies^  and  studies  of  shGck  formation 
and  growth  vta s available.  This  tube  is  constructed  of 
1-3/8  inch  diameter  brass  and  Lucite  tubing  in  inter- 
changeable sections.  The  sections  of  tubing,  which  are 
bolted  together  at  flanges  and  sealed  with  "O'*  ring  gaskets, 
are  sxxpported  by  clamp3  fixed  to  a heavy  five-inch  steel 
beam.  Light  stations  for  shock  detection,  and  two  record- 
ing oscillographs  with  accurate  time  bases  over  30  milli- 
second intorvals  were  also  . "ailable.  A chr ono-interfer o- 
meter  was  constructed  to  observe  density  variations  in  this 
shock  tube;  the  variations  were  recorded  on  one  of  the 
osoillograph3 • 

This  thesis  is  divided  into  two  parts:  the  design, 

construction,  and  testing  of  the  instrument  comprise  part 
A,  while  the  density  measurements  in  the  shock-tube  flow 
are  presented  in  part  B, 


7.  A.  B.  Laponsky,  Institute  of  Research  Report  TR  1, 
Lehigh  University  (1951),  See  also  A.  B.  Laponsky  and 
R.  J.  Emrich,  J.  AppL.  Phys , 24,  1383  (1953) 
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A schematic  diagram  of  the  chrono-lnt error ometer  con- 
structed is  shewn  in  Fi?r,  1.  This  instrument  employs  the 
Michelson  arrangement  of  optical  parts.  After  passing 
through  the  3hock  tube,  the  light  beam  in  one  arm  cr  tne 
instrument  combines  with  the  beam  in  the  other  arm  to  pro- 
duce a single  fringe  across  the  entire  field.  The  size  of 
the  field  ia  determined  by  the  l/8M  diameter  of  the  windows 
Wj  their  size  was  chosen  such  that  sufficient  light  passes 
to  operate  the  phototube  without  excessive  deformation  of 
the  interior  shock-tube  surface.  The  resultant  light  in- 
tensity on  the  phototube  depends  upon  the  relative  phase  of 
the  interfering  beams i the  intensity  varies  with  the  index 
of  refraction,  and  hence  with  the  density  of  the  gas  in  the 
tube.  A time  record  of  tho  phototube’s  output  is  made  on 
an  oscillograph. 

The  time  dependence  of  density  in  shock-tube  flow  was 
measured  at  four  positions  in  the  channel  and  at  four  posi- 
tions in  the  chamber.  These  measurements  extended  only 
over  the  primary  flow,  that  is  over  that  portion  of  the 
flow  unaffected  by  reflections  from  the  closed  ends  of  the 
shock  tube.  The  maximum  duration  c-  primary  flow  was 
achieved  for  each  of  the  four  positions  by  arranging  the 
shock  tube  ns  shown  in  Fig.  2,  Measurements  of  channel 
and  chamber  flow  we re  accomplished  by  arranging  the  higher 
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Fig.  I Schematic  Diagram  of  Ghrono-interferometer 


i S -iock  Detection 
' Station 

2 Arrangement  of  Shock  Tube  and  Interferometer 
to  Obtain  Maximum  Duration  of  Primary  Flow 


- 7 - 

initial  prosaurc  across  the.  diaphragm  on  the  left  hand  and 
right  hand  sides  respectively.  Flows  in  nitrogen  ro3ult- 
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2,  10,  and  50  were  measured  at  each  position*  The  flows 
studied  include  cases  in  which  the  hot  gas  and  the  cold  gas 
are  each  either  subsonic  or  supersonic. 
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PART'  A.  THE  CHRONO-  INTER  HER  OMET'ER 
II  Design  and  Construction  of  the  Instrument 
2*1  General  Features - 

Fhotographs  of  the  interferometer  constructed  for  use 
on  the  l-c/8  inch  diameter  shock  tubo  are  shown  in  Figs* 

3 and  4.  The  instrument  is  supported  from  belo-  by  the 
steel  beam  on  which  the  shock  tube  is  mounted.  The 
Michelson  arrangement  of  components  is  employed.  One  of 
the  interfering  beams  passes  through  the  shock  tube  and 
recombines  with  the  other  interfering  beam  to  produce  a 
single  fringe  over  the  instruments  field,  which  is  limited 
by  1/8"  diameter  windows  in  the  shock  tube.  The  relative 
phase  of  the  interfering  beams  is  dependent  upon  the  index 
of  refraction  --  and  hence  the  density  --  of  the  gas  in 
the  tube.  The  measurement  of  the  gas  density  during  the 
transient;  shock-tube  flow  is  obtained  by  photcolectrioally 
recording  the  variations  of  the  fringe  pattern's  light 
intensity  on  an  oscillograph.  The  alternative  method  of 
recording  an  interference  pattern  directly  on  moving  film 
has  been  employed  elsewhere  10;  the  oscillographic 

recording  of  a phototube  signal  has  the  advantage  that  a 


8.  R,  Ladenburg,  J,  Winckler,  and  C,  C«  Van  Voorhis,  Phys . 
Rev.  73,  1367  (1948) 

9.  d . Winckler,  Rev.  oci*  Instr  , 19,  307  (1948) 

10*  D.  Ber shader , Rev.  Sci.  Instr.  20,  260  (1949) 
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Fig.  3 The  Chrono- interferometer 


T6.  H*  interferometer  with  ohock  iube  window 
Section  Removed  to  Show  Basic  Elements 
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hignor  writing  speed  is  possible,  since  the  writing  speed 
does  not  depend  upon  the  intensity  of  the  interfering  beams. 
2.2  Design. 

In  the  chr ono-interf er omater  the  light  Intensity  should 
be  high,  the  relative  phase  of  the  Interfering  beams  should 
be  constant  over  the  field  of  view,  and  the  extraneous  light 
on  the  phototube  should  be  minimized. 

Tho  requirement  of  hi^h  intensity  suggest.*?  mn  inter- 
ferometer which  can  be  used  with  an  extended  source.  The 
Mioholson  arrangement  was  chosen  mainly  for  it 3 simplicity 
and  because  double  sensitivity  to  changes  in  gas  density 
is  provided  by  the  double  passage  of  one  interfering  beam 
through  the  shock  tube.  The  Michelson  interferometer's 
inability  to  localize  fringes9  at  any  desired  position  is 
no  restriction  3ince  the  instrument  is  used  with  a single 
fringe  adjustment.  Light  is  furnished  by  a G.E*  .10v/7 ,5A/f  8 
sound  reproducer  lamp  operated  with  direct  current,  A 
Western  Union  K100  concentrated  arc  source  was  also  inves- 
tigated as  a possible  source.  In  the  current  application, 
the  higher  radiancy  of  this  source  is  not  needed}  further- 
more the  inherent  instability  of  the  arc  was  found  to  result 
in  slowly  varying  changes  in  light  intensity  which  are  record- 
ed by  the  phototube  as  spurious  fringe  shifts.  To  include 
the  maximum  amount  of  light  available  from  the  source  in  the 


interfering  bonne , the  short  focal  length  lens  designated 
by  L in  Pig.  1 produces  «.n  image  of  the  incandescent  fila- 
ment larger  than  W ^ somewhere  between  the  entrance  and  exit 
windows  of  the  instrument.  The  window  together  with  its 
equivalent  opening  in  the  diaphragm  Dg,-  determines  the  3top 
of  the  system.  After  reflection  at  the  mirrors  t these  same 
stops  limit  the  angles  that  the  rays  make  with  the  optic 
axis.  The  cone  of  limiting  rays  that  can  pass  the  stops 
is  completely  intercepted  by  the  lens  L.  The  light  source 
is  made  monochromatic  by  a 1 inch  square  Baird  interference- 
film  filter  which  has  a half-intensity  width  of  150  A cen- 
tered about  5460  R . 

Sinc9  this  instrument  is  designed  for  use  on  a shock 
tube  of  circular  cross-section,  the  window  openings  in  the 
tube  wall  had  to  be  ^ept  small  to  minimize  distortion  of 
the  inner  cylindrical  surfaco  of  the  tube.  Small  stops  are 
also  necessary  so  that  the  gar.  density  vary  an  little  as 
possible  over  the  cross-section  of  flow  at  any  instant  dur- 
ing the  measurement.  A lower  limit  to  the  stop  size  is  sot 
by  the  radiancy  of  the  source  and  the  sensitivity  of  the 
phototu  . The  choice  of  l/8,!  diameter  is  a compromise  to 
satisfy  light  intensity  requirements  and  minimal  distortion 
of  the  shock  tube.  The  amount  of  light  transmitted  through 
the  1/8”  diameter  openings  spaced  effectively  four  inches 
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apart  is  sumcient  inr  operation  of  a 931A  phot o-muit ipliwx 
tube  with  a signal  to  noise  ratio  of  ten.  R,  A.  Shunk  has 
shown  that  slits  as  narrow  as  1/32”  can  be  used  to  stop 
down  the  intorf orometer  fi6ld  before  phototube  noise  exceeds 
signal  from  changing  fringe  intensity. 

The  phase  difforenco  of  the  interfering  rays  in  the 
emergent  beam  of  light  can  be  made  essentially  oenstant 
over  the  illuminatod  surface  of  the  phototube  without  the 
U30  of  an  extra  lens.  It  has  been  shown  that  the  criterion 
for  a constant  phase  over  the  phototube  surface  is  that  the 
instrument  be  adjusted  for  a single  fringo  ever  its  field-*-!. 
Since  the  single  fringe  adjustment  is  usod  in  the  chrono- 
int  or  far  onto  ter , no  lens  is  needed  to  focus  the  fringo  on  the 
phot  ot  ube , 

In  order  to  minimize  scattered  light  falling  on  the 
phototube,  covers  are  placod  ovor  the  light  source,  the 
Interferometer,  and  the  phototube,  non-roflecting  coatings 
are  usod  on  the  shock-tube  windows  (W),  and  thoir  compen- 
sating elements  (C^),  and  the  diaphragms  and  (Fig.  1) 
are  used  to  collimate  too  emergent  interfering  beams.  The 
cover  over  the  light  source  is  provided  with  a forced  air 
draft  to  remove  the  heat  given  off  by  the  lamp,  A sheet 

11.  C W,  Curtis,  R.  J.  Emrlch,  and  John  Mack,  ”A  Chrono- 

Int  erf  urometer  for  Measuring  Gas  Density  ’during  Transient 
Flow.1',  Rev,  Sci  Instr.  (To  be  published) 
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irutal  case  (not  shown  In  Pigs*  3.  4)  c omplet ely  covers  the 
interferometer  to  serve  the  dual  purpose  of  a dust  cover 
and  a draft  shield  to  eliminate  thormal  air  currents  in.  the 
out3ido  interferometer  beam. 

2,3  Optical  Components, 

Although  the  use  of  small  stops  means  that  small  opti- 
cal components  can  be  used,  the  requirement  of  single  fringe 
adjustment  imposes  a restriction  of  high  optical  quality  on 
the  components.  The  basic  Michelson  components  --  the  beam 
splitter  B,  its  compensator  and  the  mirrors  and  M0 
(Fig.  1)  — v/ere  purchased  from  Gaortner  Scientific  Co,, 
Chicago,  111.  The  catalog  specifications  of  these  com- 
ponents are:  "a  pair  of  15  x 25  x 5 mm  thick  matched  plates, 

flat  to  1/10  wavelength  parallel  to  1/4  wavelength;  2 pyrex 
mirrors,  front  surfaces  aluminized,  flat  to  1/10  wavelength, 
19  mm  In  diameter."  The  flatness  of  these  components  was 
not  checked  directly;  however,  the  surfaces  of  the  matched 
piatos  wore  found  to  be  parallel  only  to  1 1/2  wavelength 
over  their  surfaces , 

The  shock-tube  'windows  end  their  compensators  were  con- 
structed to  our  specifications  by  Perkin-Elmor  Corp,,  Nor- 
walk, Conn-  These  windows  are  plug  shaped  (Fig,  1)  and 
mountod  with  the  Inside  surface  tangent  to  the  chock  tube’s 
wall.  The  special  shock  tube  section  for  mounting  these 
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were  specified  to  be  cut  from  the  same  piece  of  glass  , 
flat  to  1/4  wavelength,  parallel  to  1 wavelength  over  1/8" 
of  surface,  and  each  element  to  have  non-reflecting  eoat- 
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0,060“  deep  recess  in  the  shock  tube  wall  were  employed  in 
early  tests  of  the  instrument.  These  recesses  affected  the 
flow  (Sec,  3,4),  Plug  shaped  windows  of  Lucite  wore  also 
tried;  however,  the  Lucite  used  was  not  sufficiently  homo- 
geneous to  permit  the  attainment  of  a single  fringe  oven  in 
a l/8"  diameter  field. 

The  quality  of  an  interferometer’s  optical  components 
is  readily  judged  by  the  quality  of  its  white -light -fringes 
and  the  naturo  of  the  single  fringe  obtainable.  Equal  dis- 
persion in  each  interferometer  arm  will  result  in  a whito- 
light-frir.ge  pattern  which  has  good  color  aymmetry  centered 
about  a dark  central  fringe^,  The  size  of  the  single  fringe 
obtained  is  also  a measure  of  flatness  of  components.  With 
the  Gaertner  components  a single  fringe  can  be  obtainod  over 
tho  entire  field,  approximately  12  mm  in  diameter,  i'.ith  the 


12, 


Normally  one  might  expect  the  central  or  zeroth  fringe 
to  bo  white,  as  tho  two  interfering  boam3  should  be  in 
phase  for  all  wavelength?  at  the  point  of  zero  path 
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ing  beam  undergoes  internal  reflection  and  the  othor  ex- 
ternal reflection  at  the  beam  splitter,  with  a consequent 
phase  difference  of  rr;  the  zeroth  fringe  is  dark. 
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Per kin-Eliriui-  «!«uuwa  ana  their  compensator-;  In  place  a single 
fringo  in  readily  obtained  over  the  1/8"  diamotci-  fiold.  The 
white  light  pattern  is  well  defined,  and  the  color  is  sym- 
metric about  a dark  central  fringe.  Eight  colorod  fringes 
are  distinguishable  on  each  side  of  tho  zeroth  fringe,  A 
close  examination  of  the  zeroth  fringo  with  the  singlo  fringe 
adjustment  shows  that  a purplish  tinge  exists  in  parts  of 
tho  fiold.  This  is  presumably  due  to  a lack  of  perfect  com- 
pensation, 

2.4.  Mechanical  Construction, 

The  principal  problem  of  mechanical  design  is  to  pro- 
vide sxxpports  for  the  optical  components  v/'nich  will  allow 
delicate  adjustment  and  yet  remain  freo  of  vibration  during 
a measurement • 

All  tho  optical  components,  with  the  exception  of  the 
shock-tube  windows,  aro  held  in  heavy  mount s which  in  turn 
are  bolted  tc  a heavy  iron  casting,  Tho  window  mounting  i3 
discussed  later  in  this  section.  The  plan  drawing  of  Lhw 
interferometer  (Fig,  b)  depicts  the  arrangement  of  components 
on  the  casting.  The  mounting  surfaces  of  the  casting  are 
milled  flat  to  O.OCi”,  Fig.  4-  a photograph  of  the  inter- 
ferometer bod  with  tho  window  section  and  tho  various  light 
and  druft  shields  removed,  shows  tho  arrangomonfc  of  optical 
elements  on  the  casting,  Tho  casting  is  supported  by  two 


P lo co3  of  1/4  inch  flexible  conveyor  beltinr  attached  to 


clamps  on  the  steel  beam  as  shown  in  Fig.  4.  Originally 
the  shock-tube  window  section  was  designed  to  be  bolted 
rigidly  to  the  casting  which  in  turn  was  to  bo  rigidly 
fastened  to  tho  steel  beum.  It  was  found  that  vibrations 
wore  induced  in  the  optics  during  a measurement  and  that 


these  vlbr  3 1 1 on  3 could  bo  eliminated  by  removing  all 
diroot  contact  betwoon  tho  shock  tube  and  tho  int erf or omotor 
bed.  (Sec.  3.4) 

Tho  light  source  is  mounted  at  the  side  of  the  cast- 
ing by  a bracket  permitting  slight  adjustment  for  align- 
ment, Tho  lens  and  filter  for  the  source  are  fixed  in 
front  of  the  beam  splitter  on  the  casting.  The  window  com- 
pensators and  tho  diaphragm  D (Fig.  1)  arc  mounted  on  a 
common  holder  (Fig.  5)  in  front  of  the  mirror  . Tho 

icJ 

phototube  socket  is  mounted  in  a sheet  motal  box  which  is 
belted  to  the  casting  on  tho  side  of  tho  emergent  beam. 

The  3heot  metal  box  contains  electronic  components  associated 
with  tho  phototube, 

Tho  Michels  on  components  --  the  beam  splitter,  its 
compensator,  and  tho  two  mirrors  --  aro  each  clampod  at 
throe  points  in  their  mounts.  The  bean:  .splitter  and  lt3 
componsar/ or  aro  adjusted  by  tilting  their  mounts  with  shims, 
l'n  order  to  adjust  the  interferometer  to  the  zeroth  fringo, 
a fine  screw  is  provided  to  translate  the  mount  of  mirror 


1 o 


Mp  al~ng  machined  ways  parallel  to  the  optic  axis.  The 
final  adjustment  of  the  interferometer  is  accomplished  in 
the  mirror  mounts  which  provide  slight  rotations  of  the 
mirrors;  theso  rotational  adjustments  operate  on  the  prin- 
ciple of  working  a weak  spring  against  a strong  spring.  The 
details  of  the  mount  for  mirror  are  given  in  Fig.  6.  The 
adjusting  screws  3^  and  3g  acting  against,  steel  spring  arms 
rotate  the  mirror  by  bending  the  strong  central  support.  The 
movable  mirror  Mg  has  a rotational  adjustment  which  oper- 
ates on  the  same,  principle.  This  latter  adjustment  provides 
extra  flexibility  which,  although  unnecessary,  has  proven 
to  be  convenient. 

The  windows  are  mounted  in  n duraluminum  aootioa  which 
can  be  inserted  at  any  joint  of  the  1-3/8"  diameter  tube 
to  form  a part  of  the  shook  tube*  The  mounting  of  the  win- 
dows is  indicated  in  the  cros°  sectional  drawing  Fig.  7. 

The  inner  surfaces  of  the  windows  are  flush  with  the  3hock 
tube's  inside  surface  at  the  section  shown.  The  shock  tube 
wall  curves  away  from  the  flat  1/8"  diameter  windows  leaving 
a maximum  recess  in  tho  shock  tube  surface  of  0,0045".  Each 
window  is  pressed  against  the  duraluminum  section  by  a brass 
insert  and  a Neoprene  gasket  as  shown.  The  gas  seal  furnished 
by  the  Neoprene  gaskets  is  adequate  over  the  pressure  range 
from  vacuum  to  75  psi.  Special  flanged  sections  of  tubing 
are  joined  to  each  end  of  the  window  section.  These  sections 
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Fis.  7 Shock  Tube  Section  for  Mounting 
of  Chrono-interferometer  Windows 
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allow  rotation  of  the  window  section  to  permit  optical  align- 
ment without  disturbing  the  remainder  of  the  shock  tube. 

The  range  of  adjustment  of  optical  components  has  been 
purposely  sacrificed  for  rigidity  of  mount.  This  requires 
careful  initial  alignment  of  the  interferometer  elements. 

The  Alignment  procedure  corslsts  of  five  steps:  1)  the  align- 
ment of  beam  splitter  and  mirrors  before  the  shock  tube  win- 
dows and  thel^  compensators  are  put  in  place,  2)  the  location 
of  the  zeroth  fringe  position,  3)  the  adjustment  of  the  com- 
pensating plate  (Ci),  4)  the  positioning  of  the  windows,  and 
their  compensators,  and  5)  the  alignment  of  the  light  source, 
phototube,  and  the  auxiliary  apertures., 

The  first  step  positions  the  beam  splitter  at  45°  to 
the  mirrors,  and  makes  certain  that  the  final  fringe  adjust- 
ments can  be  made  within  the  range  of  the  fine  mirror  adjust- 
ments. The  second  step  assures  that  the  optical  path  lengths 
in  the  two  arms  are  sufficiently  near  to  each  other  so  that 
subsequent  adjustments  can  be  made  with  visible  fringes  using 
light  passed  by  the  wide  band  filter.  The  third  step  pro- 
vides equal  dispersion  of  the  light  in  the  two  arms  and  is 
also  necessary  to  permit  adjustment  to  a single  fringe  pat- 
tern. Step  four  aligns  the  shock  tube  windows  centrally  on 
the  optic  axis.  The  last  step  minimizes  scattered  light  and 
selects  the  light  contributing  to  the  fringe  pattern  on  the 
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The  third  step  is  somewhat  difficult;  and  will  be  de- 
scribed in  more  detail:  its  importance  is  not  emphasized  in 
most  descriptions  of  the  Michelson  interferometer,  and  tech- 
niques for  achieving  optical  parallelism  of  the  beam  splitter 
and  its  compensator  are  not  usually  suggested.  Two  equally 
satisfactory  techniques  have  been  developed.  One  consists 
in  using  the  two  plates  as  though  they  were  elements  of  a 
Jamin  refract omet er  (Fig.  8a);  the  compensating  plate  is 
tilted  until  white-light-fringes  appear  and  then  adjusted  for 
a single  fringe.  The  second  technique  employs  the  circular 
Fabry-Perot  fringes  seen  with  monochromatic  light  in  each 
of  the  plates  viewed  normally  (Fig.  Bb) ; the  compensator 
is  tilted  until  the  centers  of  the  two  patterns  coincide, 

2,5  Recording  Equipment 

The  phototube  pickup  and  transducer  circuit  shown 
in  Fig,  9.  In  order  to  record  steady  or  slowly  changing 
transient  flows,  long  period  response  of  the  phototube  out- 
put is  needed.  Therefore  the  voltages  for  the  931A  are  ob- 
tained from  electronically  regulated  p^wer  supplies , The 
dynode  voltages  are  furnished  by  a series  of  resistors  con- 
nected across  a regulated  negative  supply  variable  from 
-400v  to  -lOOOv-3.  vVith  the  amount  of  light  available  a 
maximum  signal  to  noise  ratio  of  ten  to  one  is  obtained 


13.  B.  H.  Zimin,  J.  Chem.  Phys  . 16,  1099  (1948) 
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(A)  Jamin  Refractometer  Technique 


(B)  Fabry- Perot  Fringe  Technique 


Fig.  8 Techniques  fok  Adjusting  Beam  Splitter 
and  Compensating  Plate  to  Accurate  Parallelism 
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using  65  volts  per  dynocle  stase.  The  931A  p.noae  supply 
voltage  of  150v  Is  furnished  by  a separata  electronically 
regulated  supply.^4  Tho  phototube  anode  load  value  is  chosen 
to  develop  a signal  size  sufficient  to  drive  a 12AT7  cathode 
follower  stare  over  Its  linear  range.  The  signal  at  the 
phototube  anode  is  applied  to  the  arid  of  the  cathode  fol- 
lower stage  by  RC  coupling  with  a 0.25  second  time  constant  . 
The  cathode  follower  is  mounted  next  to  the  phototube  (Figs. 

3 , 4).  The  variation  of  the  resultant  intensity  of  tho  inter- 
fering beams  from  a maximum  to  a mimimum  produces  a change  of 
approximately  0,1  volt  at  the  output  of  the  cathode  follower. 
This  signal  is  transmitted  by  ooaxial  cable  to  the  deflec- 
tion amplifier  of  a cathode  ray  oscillograph. 

The  oscillograph  used  to  record  tho  interferometer  sig- 
nal employs  a Dumont  3JP15  cathode  ray  tube.  The  deflection 
amplifier  sensitivity  is  0.08  v/inch.  Instead  of  using  a 
single  sweep  across  the  tube  face  to  provide  a time  base,  a 
more  extended  time  base  3a  obtained  by  focusing  the  image  of 
the  cathode  ray  spot  on  35  mm  film  held  in  a rotating  drum. 

The  42.5  cm  diameter  drum  rotates  at  1800  rpm;  this  rotation 
yields  a time  base  of  25  jisec/mm  on  tho  film.  The  cathode 
ray  spot  is  intensified  by  an  initiator  pulse  at  the  begin- 
ning of  an  oxpex’iment  and  remains  on  for  one  drum  revolution 

14.  Elmore  and  Rands,  Electronics,  p.  317  Model  50,  McGraw- 
Hill,  N.  Y.  (1949) 
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or  about  30  milliseconds.  The  oscillograph  has  a second 
catnode  ray  tube  with  separate  deflection  amplifier  and 
separate  optical  system  which  focuses  the  cathode  ray  spot 
on  the  same  35  mm  film.  Thus  two  recording  channels  are 
available  for  simultaneous  recording  of  time  dependent  infor- 
mat-ion-  A crystal  controlled  oscillator  supplies  time  mark- 
ers for  either  or  both  channels  . 

In  ordor  to  observe  very  slow  changes  in  the  intensity 
of  the  interfering  beams  an  external  microammeter  is  tempor- 
arily shunted  across  the  phototube  load  resistor  as  indicated 
in  Fig . 9 . 
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III  Density  Measurement  with  the  Chrono-Tn*-. ov<feror.etsr 
3.1  Basic  Interferometric  Equation. 

The  variation  of  fringe  Intensity  is  interpreted  as  a 
density  change  in  the  shock  tube  gas  which  lies  in  one  arm 
of  the  interferometer.  This  interpretation  is  dependent 
upon  the  relationship  between  density  and  index  of  refraction 
of  a transparent  medium.  The  relationship  between  refractive 
index  and  fringe  shift  for  a transparent  medium  inserted 
in  one  arm  of  a Michelson  interferometer  is  readily  estab- 
lished, If  the  fringe  shift  of  s fringes  is  observed  when 
the  gas  of  refractive  index  n enters  the  evacuated  space 
of  thickness  d,  and  if  the  light  source  is  monochromatic 
with  a wavelength  X,  then 

s >.=  (n-l)2d  (3.1) 

In  their  work  on  the  refraction  and  dispersion  of  air, 
Burrell  and  Seers^-5  point  out  that  three  expressions  have 
been  proposed  for  the  relationship  betwoen  index  of  refrac- 
tion, n,  and  density  p,  for  a transparent  medium  at  a par- 
ticular wavelength These  expressions  in  historical 
order  are  : 

15,  H,  Barrell  and  J,  E.  Sears,,  Fhil.  Trans,  A 2 38 , 1 (1939) 
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X n^-1  — const 

~P 

IT  n-I  = const.  Gladst one-Dale 

P 

III  n2-l  = const.  Lor ent z-Lorenz 

(n2+2p 

Newton  found  (I)  to  be  true  for  a large  number  of  liq- 
uids, and  Laplace  inferred  (I)  on  the  basis  of  the  undula- 
tory  theory  of  lipht,  Gladstone  and  Dale"1’6  put  forth  (II) 
as  an  empirical  expression  in  agreement  with  measurements  on 
the  rafractivity  of  water,  alcohol,  carbon  disulphide,  and 
other  liquids  at  different  temperatures,  H.  A.  Lorontz  and 
P,  Lorenz  derived  expression  (Til)  independently  on  theoreti- 
cal grounds,  Lorentz  based  his  deductions  on  his  own  elec- 
tron theory  considered  in  relation  tc-  Maxwell's  system  of 
equations  for  the  electromagnetic  t I*  Gory  of  light , A short 
time  later  Lorenz  deduced  expression  (III)  by  considering  the 
passage  of  light  through  a medium  consisting  of  spherical 
molecules  Immersed  in  an  ether  having  the  properties  of  an 
elastic  solid. 

The  refractivity  of  gases  at  normal  densities  is  small, 
and  the  expressions  (I)  and.  (I’L'  r,educ  ) In  first  approxi- 
mation to  the  Gladst one-Dale  ex  ' ,aion  (II),  Furthermore, 
as  (n2-l)  differs  from  2(n-l)  only  by  a term  (n-1)2,  then 

3 6,  T , n,  Gladstone,  and  T,  P.  Dale,  phil.  Tran 3 , 155 , 

5?  7 '.1663) 


j 

fo”  air  where  n-1  = 3 x 3 0“^.  dl  fff-.rnnnos  in  n-l  nf  tho 

l 

order  of  9/2  x 10"®  would  have  to  be  detected  in  order  to 
‘ distinguish  between  expressions  (I),  (II).  anu  (III).  The 

Ol>dstone-Dale  relationship  has  been  found  to  bo  correct 
fo  dry  air  at  20°C  to  within  Q-l^  over  a nressure  range 

i 

of  _-20  atmospheres.17 

i 

On  the  basis  of  the  Oladst: one-Dale  relationship  the 

! 

number  of  periodic  changes  in  intensity  of  a single  fringe 
pattern;  i.e.  the  fringe  shift,  varies  linearly  with  the 

I 

f 

gas  density.  On  combining  equations  (II)  and  (3.1)  we 

« 

obtain 

l 

I 

4/)=  AS  - L AS  (3.2) 

f 2d* 

| 

where  K is  tho  Gladst one-Dn’le  constant  for  the  gas  at  the 

wn  rmcrf.h  /i  mH  H In  f-.hf*  fM  qt.on('fl  In  tho  1 nt  ov  f'  nr  rwmt.  at* 

■ CP ' V J ~ w — — ~ ~ — 

arm  over  which  the  density  change  occurs.  The  constant 

L = -a-~  is  b measure  of  the  instrument's  sensitivity. 

2d* 

Equation  (3.2)  is  strictly  valid  for  a monochromatic 
source.  In  noa cur aments  made  with  the  currently  described 
instrument  no  marked  deviation  in  fringe  spacing  with  den- 
sity change  has  been  noted  for  as  many  os  120  fringes  on 

one  side  of  the  zeroth  fringe  when  using  the  150  5 band, 

* intorferonce-film,  filter.  The  center  of  the  filter's 


17.  Gale,  Phys  . Rev.  14,  1 (1902) 
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transmission  band  5460  A will  be  used  for  A in  considering 
equufc  ion  (3  ,2  ) . 

5,2  Interferometer  Calibration, 

In  order  to  test  the  performance  of  the  interferometer 
the  constant  L was  determined  experimentally  for  air, 
nitrogen,  and  helium.  The  procedure  followed  was  to  obtain 
a fringe  count  with  the  external  microammeter  shunted  across 
the  photo-anode  load  (Sec,  2,5)  while  the  gas  was  slowly 
admitted  to  or  exhausted  from  the  shock  tube  over  a measured 
isothermal  pressure  interval.  For  an  isothermal  process 
involving  an  ideal  gas 

A/C  = n = l /'3» 

M 

so  that 

T _ M /APv 

___  , 

R$I  kS  i 

where  the  subscript  i denotes  on  isothermal  process.  Most 
of  the  calibration  runs  were  carried  out  with  the  inter- 
ferometer mounted  on  the  shock  rube  with  the  entire  tube 
acting  as  a pressure  chamber.  Since  even  small  amounts  of 
air  would  lead  to  easily  detectable  contamination  of  helium, 
the  instrument  was  demounted  from  the  tube  and  the  window 
section  with  a short  section  of  Lucite  tubing  served  as  a 


test  section  for  runs  in  helium.  This  small  section  could 


be  evacuated  to 


The 


_ 7P  _ 


a pressure  below  0,3  mm  of  mercury* 
pi03ure  measurements  wero  made  with  a dead  weight  pressure 
gauge,  and  a vacuum  roferonced  mercury  manometer.  The 
ambient  temperature  was  measured  with  a 0~50°C  thermometer 
in  good  thermal  contact  with  tho  window  section  of  the 
shock  tube* 

Calibration  runs  with  room  air  reflect  the  day  to  day 
variation  in  water  vapor  content.  This  effect  is  very  large; 
daily  variations  of  15#  were  noted  in  the  slopes  of  graphs 
of  pressure  plotted  against  fringe  shift.  This  experience 
with  room  air  indicated  the  advisability  of  confining  the 
use  of  the  interferometer  to  gases  of  known  composition* 

All  subsequent  experiments  were  carried  out  with  commercially 
prepared  nitrogen  and  helium. 

The  data  from  the  calibration  runs  in  nitrogen  are 
plotted  in  Fig,  10.  Each  point  on  this  graph  represents 
a separate  run,  and  all  the  experimental  points  have  been 
reduced  to  a standard  temperature  (25°C)  assuming  ideal  gas 
behavior.  Tho  Glads t one-Dale  constant  for  nitrogen  is  cal- 
culated from  the  slope  of  the  graph  in  Fig.  10,  The  formula 
for  tho  calculation  of  K is  deduced  from  tho  basic  equation 


(3,2) 


From  Fig.  10, 

K = Slli ('|.)  = 2.182  HLgUlfi 

l — M Ab  1 fringe 


M^iig  6 2d 

R = 8.3136  x 107  ergs/mole0  2d  -•  6.985  cm 


Frinoe  Count 


25 


Fig.  10  Interferometer  Calibration  with  N?  at  25* 
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M - 28.016  gm  for  Ng 
p ^ = 13.595  for  Hg. 

g = 980.1  om/sec*' 

On  substituting  the  above 
K we  obtain 


T = 298. 2°K 
'i  --  5460  X 


values  into  the  .formula 


for 


K 


0 9 X'7 


o / y 


«rn3  » , . 

for  nitrogen, 
cm 

w 


The  estimated  experimental  errors  for  the  Gladstone- 
Dale  constant  determinations  in  nitrogen  and  helium  are 
given  in  Table  I* 

TABLE  I 

EXPERIMENTAL  ERRORS  IN  DETERMINATION  OF  THE  GLADSTONE- DALE 


CONSTANT  :C 


1 

Quantity 

Percent  Error 

Percent  Error 

1 

i 

i 

i 

No 

J 

He 

1 

r~ 

i 

d 

i 

0 ,02% 

j 0,02$ 

Ti 

0.1  $ 

0,1  % 

AP  i 

0,02% 

0.05$ 

ASp 

0.3  $ 

0.6  $ 

K 

0.4  % 

1 

1 

I 

| 0.8  $ 
1 

1 

i 

The  resultB  of  the  lnterfer ometor  calibrations  are 
summarized  in  the  table  below  in  which  the  measured  values 
of  K are  comparod  with  values  of  K calculated  from  the 
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values  of  density  and  refract ivity  in  the  Inter national 
Critical  Tables . 

TABLE  II 

G- LA  Do  I ONE- DALE  CONSTANT  K FOR  U2  AND  He  at  54  6C  A 


Gas  i 

1 

i 

_l 

I.C.T.  K ! 

i 

1 

Experimental  K 

1 

Nitrogen  i 

i 

0,2385  cc./gm. 

| (0.237 9+0 . 0009 } c c . /gm , 

Helium 

0„1963  cc./gm. 

(0.20 1+0 ,0C2 ) co» /gm , 

i 

I • 

The  percentage  deviation  from  tho  handbook  value  of  K 
for  Ho  is  2 which  is  outside  the  estirnatod  expor imonto.l 
error,  Tho  c or :.icrc lally  prepared  helium  is  stated  by  the 
supplier  to  or-  pure,  although  the  impurities  are  not 

given;  it  is  a likely  that  these  impurities  could  account 
for  an  appreciable  amount  of  the  2%  deviation,  Tho  differ- 
ence observed  could  be  attributed  to  an  undetected  source 
of  contamination  in  the  chambers,  hoses,  values,  and  gauges 
usod  to  introduce  and  measure  the  pressure  of  the  helium. 
The  constants  L for  Ng  and  He  ore 

J'f  = 3,285  x 10~5  gm/co/fr  lu.’o  . 

^He  = x 10"^  gm/cc/fr  ,VU‘,  • , 

Thus,  for  example,  an  isothermal  press are  change  of  one 


ana 
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atmosphere  will  cause  the  following  fr^nre  shifts  in  Mg 
I o • 

ASNo  = 34. Q fringes. 

“3IIo  “ 4 *19  frin?s3. 

The  calibration  runs  in  nitrogen  justify  the  applicability 
of  the  Gladat one-Dale  relationship  to  measurements  made  with 
the  chr on o- interferometer  over  a pressure  range  fporrt  1/2  to 
5 atmospheres  to  within  0.4$. 

3.3  Measurement  in  Transient  Flows. 

The  oscillographic  tracos  in  Fig.  11  illustrate  the 
types  of  record  obtainod  with  the  chrono-int erfer cm^tor 
when  studying  shock-tube  flows.  An  undisturbed  portion  of 
the  trace  to  the  left  corresponds  to  a constant  ga3  density 
preceding  the  arrival  of  a wave  at  the  interferometer. 

Fig.  11a  is  the  r os pons e to  flow  in  the  chamber  and  Fig. 
lib  is  the  response  to  flow  in  tho  channel,  There  7 s a 
background  of  phototube  noise  present  throughout  tho  trace; 
it  is  spurious  and  is  to  be  disregarded.  The  auxiliary 
trace  in  Fig*  lib  shows  timing  markers  at  100  microsecond 
intervals  * 

Fig.  11a  illustrates  tb  -imo  variation  of  intensity 
of  the  interfering  beams  v ...  a ga.u  density  continually 
decreases  during  the  pr.ssagc  of  a rar-. friction , A change 
from  one  maximum  to  the  next  represents  a change  of  2n 


i 


Fis.  II  Typical  Records  Obtained  with  Chrono-interferome:ter 
Flows  Permitting  the  Use  of  Monochromatic  Light 
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radians  in  the  routive  phase  cf  the  interfering  beam3 , 
and  1g  referred  to  a-s  a shift  of'  ono  fringo.  The  fringe 
shift  as  a function  of  time  is  read  off  the  record,  and  the 
density  change  with  time  Is  calculated  from  the  fringe  shift 
using  the  bf.sic  interferometric  equation  (3,2). 

with  strictly  mor* er r om* tic  11. "ht  the  amplitude  of 
successive  fringes  wcu-.a  jo  the  name  and  there  would  be  no 
way  to  distinguish  tet’ven  an  Increase  and  a decrease  in  the 
gas  density.  This  ambiguity  n the  sense  of  the  density 
change  is  circumvented  when  tii6  light  sourco  contains  a 
wide  band  uf  wavoicngil.s  so  that  the  amplitude  of  fringes 
deoreasos  in  going  uw av  fro  i the  zoroth  fringe.  This  effect 
is  evident  in  the  record  s.uown  in  Fig.  11a,  where  the  fringe 
amplitude  increases  Jth  time.  This  indicates  a continual 
decrease  in  density  since  tho  zeroth  fringe  was  set  to 
correspond  to  a donsi4"-.  below  the  starting  density. 

Whenever  tho  density  gradient  in  tho  flow  becomes 
steep,  the  variation  ever  the  cross-section  of  the  inter- 
fering light  beam  produce  a an  'ppreciable  difference  in  the 
optic  paths  of  extreme  rays,  R.  A.  Shank  has  demonstrated 
that  compression  waves  with  ouc"  iss  ivcly  higher  gradients 
lead  1 1 smaller  amplitude  fr  iugos  as  the  difference  in 
optic  path  across  tho  field  approaches  1/2  wavelength.  For 
sufficiently  large  density  gradients  the  .'-.ingle  fringe 
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pattorn  washes  out.  Across  a shocK,  the  donsltv  changes 
cLJ  3 o On Linuous  iy  Dy  an  amount  v'hieh  may  ccrrospond  to  a 
shift  of  several  fringes  plus  a fraction.  With  the  passage 
of  a shock  the  instrument  detects  tno  fractional  fringo 
change  only;  the  shock  appears  as  a:  abrupt  change  in  in- 
tensity s Such  a chance  is  evident  in  the  record  of  Fig.  11b. 

Fig.  lib  is  the  response  of  the  interferometer  to  tho 
channel  flow  in  tho  shock  tubo  as  a shock  and  tho  hot  gas 
bohind  the  shock  pass,  Tho  slow  oscillations  appearing  on 
the  record  after  tho  shock  passage  represent  a gradual  in- 
crease in  tho  average  donsity  of  tho  gas,  Tho  moro  rapid, 
irregular  fluctuations  which  increase  in  amplitude  with  time 
are  believed  to  be  fluctuations  in  the  flow  and  aro  not  due 
to  mechanical  vibrations  of  the  instrument  (Sec.  3.4),  Tho 
timo  dependence  of  density  in  the  region  bohind  the  shock  is 
obtained  by  measuring  the  fringe  shift  as  a function  of  timo 
following  the  abrupt  signal  which  occurs  as  the  shock  passes; 
tho  busic  intorfer omotric  equation  (3.2)  relates  fringe  shift 
to  density  change.  Tho  total  density  chango  from  tho  value 
in  the  undisturbed  channel  gas  requires  an  auxiliary  measure- 
ment of  tho  density  at  the  shock  discontinuity,  Tho  auxili- 
ary measurement  in  tho  presently  reported  work  consisted  of 
a determination  of  shock  speed. 

It  is  found  as  shock  tube  flow  develops  at  some  position 
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In  tho  tubo  that  the  rapid,  lrr^euiar  fluctuations  may 
attain  a magnitude  which  exceeds  a half  fringe.  Whenever 
those  signals  exceed  a half  fringe,  n reliablo  fringe  count 
in  time  can  no  longer  bo  made.  In  order  to  extend  the 
measurement  of  dons  it y in  time  it  becomes  necessary  to 


mako  use  of  another  method  of  determining  fringe  shift 
referred  to  as  the  white-light -fringe  technique, 

when  the  wido-band  filter  is  removed  from  the  inci- 
dent beam  so  that  the  full  spectrum  of  white  light  falls 
on  the  phototube,  there  will  bo  no  fringes  and  no  varia- 
tion of  intensity  except  when  the  gas  density  changos 
through  the  region  of  white-light-fr inges  . Pig.  12a  shows 
the  interferometer  response  to  the  appropriate  small  por- 
tion of  a rarefaction  when  using  a white  light  source. 

The  record  shows  that  tho  fringes  have  an  amplitude 
symmetry  about  jv  central  fringe.  The  amplitude  of  succoss  - 
ivo  half  fringes  roaches  1/lOth  the  central  fringe  ampli- 
tude at  the  fifth  fringe  on  either  side  of  tho  zeroth  fringe 
the  density  change  corresponding  to  five  white-light -fringes 
i3  not  measurably  different  from  that  causing  an  equal 
fringe  shift  with  the  monochromatic  filter  in  piaco, 

Thu  white-light -fringe  tochniquo  for  obtaining  den- 
sity measurements  in  noisy  flows  consists  of  tho  following 


procedure 


The  interferometer  is  adjusted  so  that  the 


1 


hiG.  12  Typical  Records  Obtained  with  Ghrono- interferometer  Using 
Whitf  Light,  Timing  Pulses  Occur  at  ioo  msec  Intervals. 
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zeroth  fringe  will  .occur  r- 1 r>  density  valuo  existing  within 
the  region  of  noisy  flow.  The  density  at  which  the  zeroth 
fringe  exists  is  moasured  either  by  recording  the  static 
pressure  and  temperature  or  by  slowly  admitting  gas  to  in- 
crease the  density  from  a reference  density  to  the  zoroth 
fringe  density  while  counting  fringes  with  the  monochromatic 
filter  in  place.  The  shock  tube  flow  to  bo  studied  is  then 
goneratod  while  the  intorfei  ometer  is  recording  with  a w'nite- 
light-fringe  response  to  a noisy  flow  region.  The  density 
over  a limited  duration  of  the  flow  can  be  found  by  noting 
the  amplitude  of  the  response  as  a function  of  time.  In 
view  of  the  large  fluctuations  present  when  this  technique 
is  rosertsd  to,  the  density  is  determined  only  within  ex- 
treme values  and  average  density  values  must  bo  inferred  by 
making  repeated  experiments  with  different  zer oth-fr Inge 
settings.  The  observation  of  density  by  this  technique  is 
not  capable  of  tho  high  accuracy  obtained  with  the  mono- 
chromatic light,  both  for  tho  reason  just  mentioned  and 
because  the  reproducibility  o.f  flows  initiated  from  the 
samo  starting  conditions  is  assumed.  In  Pig*  12b  the  large 
amplitude  pulses  appearing  in  the  right  half  'with  only  up- 
ward deflection  are  duo  to  the  interception  of  tho  light 
boam  by  fragments  of  the  shattered  diaphragm. 


The  white-light-fringo  technique  can  be  used  to  determine 


, , . -.O  i->  . 


the  de  ilty  change  across  a snack  discontinuity*  However 
inacc.u  acies  in  tho  determination  of  tho  zeroth  fringe  den- 
sity, <nd  in  the  measurement  of  fringe  amplitude  load  to  an 
error  of  + 1 fringe. 

3,4  Tests  of  the  Chrono- Interferometer 

f o make  certain  that  tho  deflections  observed  on  tho 
oscillograph  roccrd  accurately  represent  density  changes 
during  a measurement,  the  instrument  was  subjected  to  a 
sories  of  tosts.  In  particular,  the  sensitivity  of  tho 
instrument  to  mechanical  vibrations  and  the  of feet  of  tho 
windows  on  tho  flc-.?  wore  investigated.  Tho  tosts  are 
summarized  in  this  soction, 
a)  Vibration  Tests, 

One  attempt  in  dosign  of  the  instrument  to  obtain 
freedom  from  mechanical  vibration  consisted  of  fastening 
all  parts  together  rigidly;  tho  window  section  wa3  bolted 
rigidly  to  tho  casting  which  in  turn  v;as  rigidly  fastened 
to  the  beam  supporting  the  shock  tube,  Rocords  or?  channel 
flow  taken  with  this  mounting  revealed  deflections  from 
signals  reaching  the  instrument  ahead  of  the  shock.  Those 
signals  wore  attributed  to  inducod  mechanical  vibrations 
of  optical  elements.  This  was  shown  by  taking  a record 
as  a shock  was  reflected  from  a solid  plate  before  reach- 
ing the  interferometer  * Since  no  gas  could  leak  past  the 
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Ti'lo.t*  o ; •? ny  ^icrnni_  o"bs  or*YOcl  1. n mr. r*  no  r*  is  clu.o  to  induced, 

mechanical  vibrations  of  optical  elements . A smell  .ampli- 
tude 1000  cps  signal  appeared  or:  the  record  before  tho 
shock  reflection,  -after  reflection  tho  signal  amplitude 

1 KlA  mn  O 4*  .A  K r>  1 ■i’  n 4*  V /*■  « 4 1 +,-v*  r.n  »r  a V% « /» 

•*-*•*'-'*  uw  ax  uuj.x  x x o-ii^w  auu  euo  o x.  £i.4LJ  x,  xx  - nu  j wj,  xtx  n 

to  5000  cps  which  dogonerated  to  a 0000  cps  signal  in  6 
msec.  Tho  half-fringo  amplitude  of  tho  signal  was  main- 
tained for  tho  remaining  20  msec  of  tho  record, 

Tho  successful  design  of  tho  mounting  to  free  the 
instrument  from  mechanical  vibrations  consisted  in  isolat- 
ing tho  Interior omoter  bed  from  both  the  supporting  beam 
and  the  shock  tube.  Tho  bod  way  effectively  isolated  from 
the  beam  by  using  two  pieces  of  1/4  inch  thick  rubborized 
fabric  (conveyor  belting)  for  support.  The  window  soction 
was  supported  by  the  adjoining  shock-tubo  sections  sc  that 
no  part  touched  tho  bod,  whon  a similar  test  by  3hock 
reflection  ahead  of  the  interferometer  was  applied  with 
this  mounting,  no  signal  appeared  on  tho  record  prior  to 
shock  reflection.  Shortly  after  reflection  a 1000  cps 
signal  appoared  on  tho  record  whose  amplitude  was  loss  than 
1/I0th  of  a fringe.  Since  the  shook  reflection  test  pro- 
duced vibrations  much  more  severe  than  those  experienced  in 
normal  shock-tube  operation;  the  appearance  of  only  this 
small  signal  is  considered  to  signify  absence  of  mechanical 
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vibrations  in  normal  operation. 

The  degree  of  vibration  sensitivity  of  the  inter for ometer 
mounting  and  the  mountings  of  optical  elements  is  illustrated 
by  observing  the  phototube  output  signals  duo  to  vibrations 
caused  by  hammering  the  support  beam  and  the  shock  tube,  and 
by  tapping  the  various  mounts . A sharp  hammer  blow  on  the 
support  boam  near  the  inter  for  e-motor  or  on  the  window  sec- 
tlon  of  the  shock  tube  i3  required  to  produce  a half  fringe 
amplitude  signal.  At  a distance  of  seven  motors  from  the 
inotrumont  a heavy  hammer  blow  is  required  on  either  tho 
beam  or  the  tube  to  produce  a half  frinnro  signal*  Light 
tapping  of  any  of  tho  optical  reflecting  elements  with  a 
pencil  producos  a half-fringe  signal.  Tho  compensating 
elements  are  relatively  insensitive.  Tho  predominant  vi- 
bration frequencies  observed  are;  1000  cps  for  the  movable 
mirror  M2,  2000  cps  and  2700  cps  for  the  fixed  mirror 
and  2700  cps  arid  1000  cps  for  the  beam  splitter.  The  high 
frequency  of  tho  vibrations  observed  explains  why  tho  flexi- 
ble coupling  of  tho  massive  interferometer  base  to  tho 
support  beam  does  not  transmit  vibrations  to  tho  optical 
elements;  at  tho  low  frequencies  transmitted  through  the 
floxiblo  belting,  the  interferometer  base  and  optical 
olemonts  all  move  as  a rigid  whole. 
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b)  'window  Tests 

Initially  a pair  of  pin no  windows  was  mounted  in  the 
shock-tubo  window  sections  (Fig.  7,  Sec.  2,4),  Jithout 
plug-shaped  windows  in  the  window  section  a cavity  1/8”  in 
diameter  and  0,063"  deop  is  present  on  each  3ido  of  the 
tube*  Records  of  channel  flew  with  theso  envitioo  in  the 
tube  wall  showed  a high  frequency,  largo  amplitude  fringe 
variation  aft or  tho  shock  arrived,  Thu  high  frequenoy 
signal  damped  rapidly  in  a few  milliseconds  and  a regular 
variation  in  fringe  intensity  with  small,  rapid,  irrogular 
fluctuations  suporimpos od  followed,  Tho  high  froquoncy 
signal  did  not  appear  on  records  taken  with  the  plug-shapod 
windows.  The  high  frequency  signal  observed  with  the  plane 
windows  is  attributed  to  a disturbance  in  tho  gas  within 
tho  small  cavities  or  to  di sturbancos  propagated  from 
these  cavities  into  tho  min  flow* 

Tho  typical  records  reproduced  In  Fige  13  illustrate 
tho  offects  which  have  boon  described.  Trial  467  shows 
both  the  high  frequency  signal  after  tho  shock  arrived  when 
tho  cavities  wore  in  the  tube  wall  and  tho  small  signals 
arriving  ahoad  of  tho  shock  when  the  rigid  mounting  of  the 
instrument  is  usod.  Trials  585  and  590  show  respectively 
the  offects  of  introducing  tho  flexible  mount  and  of  fill- 
ing tho  cavities  in  tho  tube  wall  with  the  plug-shaped 
windows.  The  high  frequency  signal  completely  disappears 
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ifis 


shock  Arrival 


Increasing  Time 


Trial  467  N2  Gas  Channel  Flow 
B/R*3,66  Rigid  Mounting 


ei?.m  prom  Diaphragm 
Plane  Windows 


Shock  Arrival 


Increasing  Time 


Trial  565  Ng  Gas  Channel  Flow  a.bbm  from  Diaphragm 

Flexible  mounting  Plane  Windows 


Shock  Arrival 


Increasing  Time- 


Trial  590  N2  Gas  Channel  Flow  a.som  from  Diaphragm 
? /f|  = 3 Flexible  Mounting  Plug-shaped  Windows 


Fig.  13  Tests  of  Interferometer  Mounting 
and  Shock  Tube  Windows 
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when  the  plug-3haped  windows  ''.re  used,  fIho  relatively 
high  phototube  noise  level  on  the  records  of  Fig,  13  was 
present  during  the  early  stages  of  development  of  the 
instrument . The  removal  of  extraneous  light  from  the 
phototube  by  diaphragms  (See*  2.2)  results  in  '(‘•he  lower 
level  of  phototube  noise  seen  in  tho  other  records  pre- 


sented in  this  thesis* 

After  the  cavities  in  tho  window  section  were  filled 
by  the  plug-shaped  windows  causing  the  high  froqucncy 
fluctuations  right  aftor  shock  arrival  to  vanish,  thore 
still  remain  irregular  fluctuations  in  fringe  intensity  on 
records  tnkon  to  observe  rapid  flow  in  tho  ehannol.  Those 
fluctuations  are  most  marked  as  the  cold  gas  flows  past  the 
interferometer . Smaller  fluctuations  occur  immediately  aftor 
shock  arrival  and  during  the  passage  of  tho  hot  gas.  It  is 
importune  to  chow  that  all  those  remaining  fluctuations, 
oxamph;  ~ _f  : a may  bo  soon  in  Figs,  lib  and  14a,  are  not 
,'.uo  tv,  vi  ’•■’tiOiiC  induced  in  mirrors,  windows,  and  compen- 
sating pirtus  'cut  are  duo  to  fluctuations  in  the  gas  flow 
itsolf.  As  primary  cvldonco,  tho  complete  absence  of  these 
fluctuations  prior  to  the  shock  arrival  at  tho  interferometer 
is  cited.  Furthermore,  oscillations  of  tho  same  character 
do  not  occur  whenever  tho  interferometer  components  are 
purposely  sot  into  oscillation.  If  tho  fluctuations  are 


so 


caused  bi  vitrei 1 «rt«  not  up  as  the  ohock  passes 

the  windows,  one  would  expect  tholv  amplitude  to  depend 

only  or  the  pressure  change  across  the  shock.  How  over  when 

shocks  in  nitrogen  gas  and  ho  Hum  gas  with  the  same  pressure 

change  were  sent  past  the  interferometer,  the  amplitude  of 

tho  irregular  fluctuations  in  nitrogen  were  nearly  ten 

tlmos  the  amplitudes  of  those  observed  in  helium  a3  shown 

in  the  records  of  Fig.  14a  and  14b.  This  result  can  readily 

bo  interpreted  in  terms  of  fluctuations  in  the  flow,  slnco 

tho  difference  in  amplitudes  is  roughly  equal  to  tho  differ - 

> q 

cnco  in  densities  of  the  two  gases,-  Finally,  tho  inter- 
ferometer response  was  observed  while  purposely  introducing 
fluctuations  in  tho  flow  with  a small  perforated  bronze 
strip  inserted  across  a diameter  of  tho  channel  cross- 
socrion  ahead  of  the  interferometer . Tho  irregular  fluc- 
tuations  on  tho  traco  (Fig,  14c)  had  the  same  character 
but  wore  larger  than  tho  fluctuations  ordinarily  observed. 

Fig;  15  shows  the  response  of  tho  interf or omotor  to  a 
small  amplitudo  standing  wave  produced  in  the  3hock  tube 
by  acoustic  moans.  The  standing  waves  v/crc  produced  as  in 
Kundt's  classic  apparatus,  Tho  three  records  shown  in  Fig, 

15  were . obtained  with  a standing  sound  wave  of  constant  am- 
plitudo and  frequency.  Trial  529  shows  the  rosponso  when  tho 
small  induced  density  changes  occur  around  a density  such 

18,  The  fringe  shift  is  approximately  the  same  for  tho  same 
density  change  in  all  gases  (Sec.  5.2). 


Trial  828  Relative  Phase  at  (2run-»r/2 


Trial  ssi  Relative  Phase  at  rnr 


Fig.  15  Chrono-interferometer  Response 
to  a Small  Amplitude  Standing  Wave 
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hri.-'t  tho  interfering  beams  in  tho  intorfer ornet cr  have  n 
phase  difference  near  an  odd  multiple  or  tt/2  , Trial  53U 
shows  the  response  <s?hen  the  nh-so  difference  is  noar  but 
does  not  change  through  a multiple  of  tr and  Trial  531 
shov/s  the  response  whon  tho  phase  difference  oscillates 
about  some  multiple  of  tt.  This  test  illustrates  that  tho 
error  in  measurement  of  the  amplitude  of  a sma.i'1  density 
variation  is  greater  whon  the  phase  difference  of  tho 
interfering  beams  3s  near  a multiple  of  tt.  Another  illus- 
tration of  this  variation  in  sonsitivity  to  small  density 
changes  is  soon  In  Fig.  14a,  whore  the  small  irx’ogular 
fluctuations  tend  to  be  less  pronounced  whon  tho  trace 


is  at  tho  top  or  bottom. 
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PART  B.  DENSITY  ML;-.oURu'*.LhTo  IN  SHOCK -TUBE  FLOW 
IV  Experiment  and  Procedure 

l 1 Q 

Primary-1?  shock-tube  flows  resulting  from  initial  dia- 
phragm pressure  ratios  of  approximately  2,  10,  and  50  have 
been  studied.  The  flows,  all  started  from  dry  nitrogen  gas 
at  room  temperature,  are  representative  of  the  flow  condi- 
tions employed  in  shock-tube  studies  of  aerodynamic  ana  blast 
phenomena.  The  initial  conditions  and  the  theoretical  flow 
conditions  are  summarized  in  Table  III, 

TABLE  III 

SUMMARY  OF  EXPERIMENTAL  CONDITIONS 


Initial  Diaphragm  Pressure  Ratio  Pc/Pc 

2 

10 

50 

Plow  in  the 
hot  gas  region 

subsonic 

subsonic 

supersonic 

Flow  in  the 
cold  gas  region 

subsonic 

near  3onic 

supersonic 

Flow  in  the 
rarefaction 

_ J 

all  subsonic 

sonic  to 
subsonic 

supersonic 
to  subsonic 

Rarefaction 

Occupies 

part  of 
chamber 

all  of 
chamber 

all  of  cham 
ber  and  par 
of  channel 

Initial  Chamber 
Pressure  Pc 

1 atm 

5 atm 

5 atm 

Initial  Channel 
Pressure  P0 

1/2  atm 

1/2  atm 

1/10  atm 

< _ — 

19.  Primary  shock-tube  flow  is  flow  not  affected  by  reflections 
from  closed  ends  of  the  tube. 


To  achieve  maximum  accuracy  of  density  measurement,  high 
initial  density  is  desirable;  for  a gi/en  gas--hitr ogen  in 
these  teat3--high  initial  density  involves  high  initial 
pressure  in  the  chamber.  A limitation  on  initial  chamber 
pressure  lay  in  the  strength  of  Lucite  tubing  used  for  the 
shock  tube 4 Adequate  safety  to  personnel  was  felt  to  exist 
by  keeping  initial  pressures  below  60  psig. 

With  the  choice  of  initial  pressures  in  Table  III  the 
entire  flow  in  the  chamber  is  predicted  by  the  ideal  shock- 
tube  theory  to  be  the  same  for  the  cases  Pc/Po=10,  and 
Pc/Pq-60,  The  choio6  of  P0«=l/2  atm  was  made  for  the  case 
Pc/P0-2  so  that  initial  channel  conditions  would  be  the 
same  for  two  of  the  cases  under  study. 
i.2  Interferometer  Positions 

As  described  in  the  introduction  and  Illustrated  in 
Fig.  2,  the  chrono-lnterfer oraeter  was  positioned  at  distances 
of  18,  85,  150,  and  218  tube  diameters  from  the  diaphragm 
clamp  during  the  study  of  the  flows  resulting  from  the  three 
initial  conditions  chosen.  At  each  interferomster-to-dia*- 
phragm  distance,  the  chamber  and  channel  lengths  were  chosen 
for  the  a uj mum  duration  of  primary  channel  flow  resulting 
from  an  initial  diaphragm  pressure  ratio  of  10;  the  maximum 
duration  of  channel  flow  is  obtained  when  the  reflected  shock 
and  rarefaction  from  the  closed  ends  of  the  tube  arrive  at  the 
interferometer  at  the  same  time.  The  basis  for  the  choice  of 

lengths  is  illustrated  by  the  x-t  plot  of  ideal  shock^tube 
flow  in  Fig,  16.  This  idealized  description  v?as  used  in 
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Fig.  16  x-t  Plot  to  Determine  Optimum  Shock  Tube  Arrangement 
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determining  the  optimum  arrangements  of  the  shock  tube,  the 
alteration  in  speed  of  the  reflected  shock  upon  passing  through 
the  cold  front  being  neglected  for  simplicity. 

Doth  channel  and  chamber  flows  were  studied  for  each 
arrangement  of  the  shock  tube*  Channel  flow  is  studied  by 
arranging  the  initial  low  pressure  on  the  interferometer 
side  of  the  diaphragm  and  chamber  flew  is  studied  by  arranging 
the  initial  high  pressure  on  the  interferometer  side  of  the 
diaphragm.  The  distances  between  diaphragm  clamp  and  inter- 
ferometer, listed  ir.  Table  IV,  are  slightly  different  for 
the  chamber  from  those  of  the  channel  as  it  is  necessary  to 
always  keep  the  diaphragm  breaker  in  the  low  pressure  end. 

TABLE  IV 

INTERFEROMETER  POSITIONS 


Shock  Tube  j Diaphragm-Tc-Interf erometer  Distance 


Arrangement 

J 

Channel 

Chamber 

i 

A 

0,630  m 

0.532  m 

B 

2.958  m 

2.943  «n 

C 

I 

5*265  m 

5.168  m 

D 

i 

7.622  m 

i 

1 

7.522  m 

i 

4.3  Experimental  Procedure 


For  each  arrangement  of  the  shock  tube,  the  tube  axis 
is  aligned  to  within  t 1 mm  over  the  tube’s  13  meter  length. 
The  internal  diameter  of  all  shock  tube  sections  is  constant 
tc  1 0.00).  inch,  and  aligning  pins  at  all  joints  assure  no 
discontinuities  exceeding  0.001  inch.  Nine  sections  of 
polished  Lucite  ranging  in  length  from  0.24  m to  1.33  n» , and 
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two  brass  sections  0.S6  m and  3.6?  m in  length,  all  of  which 
are  interchangeable,  allow  a choice  of  spacing  between 
shock-tube  parts  and  flow  measuring  apparatus. 

In  section  3.2  it  was  established  that  an  experimental 
procedure  which  assures  a knowledge  of  the  composition  of 
the  gas  used  in  the  shock  tube  should  be  followed.  The 
density  measurements  were  carried  out  with  commercial  ’’water 
pumped”  nitrogen,  whose  water  vapor  content  is  less  than  one 
part  per  million,  and  the  following  procedure  for  filling  the 
shock  tube  was  employed.  First  the  tube  is  blown  clear  of 
all  old  shattered  diaphragm  material  with  an  air  blast  and  a 
new  diaphragm  inserted.  The  shock  tube  is  evacuated  by  pump- 
ing for  a 20-30  minute  period;  chamber  and  channel  pressures 
were  then  1 alow  the  saturated  water  vapor  pressure  at  the  am- 
bient temperature.  Nitrcgen  v/as  then  admitted  into  the  chan- 
nel and  the  chamber  until  the  desired  initial  conditions  were 
reached.  The  gas  was  allowed  to  come  into  thermal  equilibrium 
with  the  shock  tube  walls.  With  careful  assembly  of  the  tube 
sections  a leak  rate  of  less  than  4 mm  of  mercury  per  hour  is 
obtained. 

Static  pressures  above  atmospheric  are  measured  with  a 
0-60  psi  Bourdon  type  dial  gauge  \7hioh  is  periodically  cali- 
brated against  a dead  weight  gauge  tester.  Static  sub-atmos- 
pheric pressures  are  measured  with  a mercury  in  glass  barometer 
whose  vacuum  is  maintained  with  a Cenco  "Hyvac”  pump. 

In  order  to  minimize  initial  temperature  gradients  along 
the  shock  tube,  all  light  sources  used  with  the  flow  measuring 


equipment  are  turned  on  only  just  prior  to  operating  the  shock 
tube.  The  initial  temperature  of  the  gas  in  the  shoe;-,  tube 
is  constant  within  * 0,6°C  as  measured  by  six  mercury  in 
glass  thermometers  placed  in  good  thermal  contact  with  the 
external  tube  wall  at  about  two  meter  intervals. 

The  diaphragm  materials  used  are  near  their  rupture 
points  at  each  of  the  initial  conditions.  For  PC/PQ  " 10  and 
50,  two  thicknesses  of  0.002”  thick  laminated  "Red  Zip"  cello- 
phane are  used.  For  Pc/P  = 2 the  diaphragm  consists  of  one 
thickness  of  0.001”  Dupont  200  PHT  cellophane  which  has  been 
weakened  by  baking  at  350°C  for  30  minutes  and  kept  desiccated. 
The  diaphragm  is  punctured  by  a metal  probe  operating  through 
a sliding  seal  at  an  ob?.ique  angle  in  the  wall  of  a duralumi- 
num section  of  shock  tube. 

4.4  Flow  Measuring  Apparatus 

A typical  arrangement  of  the  apparatus  for  measuring 
and  recording  the  primary  flow  is  illustrated  by  the  block 
diagram  in  Fig.  17.  The  chrono-interf erometer  and  the  oscil- 
lograph designated  Mark  II  have  been  described  in  Chapter  2* 
Since  the  chrono-interf erometer  cannot  resolve  the  steep 
density  gradient  at  the  chock,  the  strength  of  the  shock  front 
is  determined  by  recording  its  arrival  at  eight  optical  de- 
tection stations.  Of  these  detection  stations,  whose  opera- 
ting principle  will  be  described  shortly,  two  can  be  mounted 
at  any  point  along  the  tube,  and  the  remaining  six  are  per- 
manently arranged  m two  groups  of  three  each.  The  positions 
of  these  detection  stations  are  indicated  for  each  shock  tube 
arrangement  in  Fig.  2.  The  transient  flow  information  is 


Mark 


Fig.  17  Measurement  and  Recording  Apparatus 


recorded  on  the  two  rotating  drum  oscillographs  whicn  are 
designated  Mark  I and  Mark  II  in  the  block  diagram  of  Fig. 

17;  The  oscillograph  traces  s.re  initiated  by  an  electrical 
signal  from  a piezoelectric  gauge,  which  will  be  described 
shortly,  located  near  the  diaphragm  clamp.  Hark  I oscillo- 
graoh  is  used  is  a chronograph  to  record  the  shock  arrival 
at  the  eight  detection  stations. 

The  shock  detection  stations?  consist  of  an  arrangement 
of  three  knife  edges  in  a plane  perpendicular  to  the  shock 
tube  axis  as  shown  in  Fig.  1#,  The  knife  edges  are  adjusted 
so  that  light  cannot  pass  the  third  knife  edge;  however,  as 
the  shock  front  enters  the  light  beam,  portions  normally 
intercepted  by  the  third  knife  edge  are  reflected  past  it 
into  a phototube.  A Lucite  bar  is  used  to  "pipe”  the  light 
from  groups  of  these  stations  to  a common  phototube.  The 
phototube  output  signal  passes  through  an  inverter  and  a 
cathode  follower,  and  is  transmitted  to  the  Mark  I chronograph 
on  low  impedance  cable. 

Signals  from  four  phototube  pickups  are  mixed  in  the 
Mark  I chronograph  and  amplified  sufficiently  to  deflect  the 
beam  of  a cathode  ray  tube  (Dumont  3 JP1 5 ) whose  short  per- 
sistence screen  is  photographed  on  35  mm.  film  held  in  a ro- 
tating drum.  The  Mark  I oscillograph  is  provided  with  a 
sweep,  synchronized  to  a 100  KC  crystal  controlled  oscilla- 
tor, which  produces  a deflection  transverse  to  the  direction 
of  film  motion  for  50  microseconds  in  each  direction  success- 
ively. The  motion  of  the  film  results  in  the  zig-zag  pattern 
shown  on  the  typical  shock  time  record  in  Fig.  19. 


Fie.  18  Shock:  Detection  Station 


Arrows  Indicate  Positions  o:  Pulses 
Marking  Shock  Arrival  at  Detection  Stat 


V 


The  sweep  frequency  multiplied  by  20  is  used  to  produce 
murker  pips  at  five  microsecond  intervals;  the  pips  are 
visible  on  the  record  cf  Fig.  19.  The  signals  from  the 
shock  detection  stations  deflect  the  cathode  ray  spot  in  the 
direction  opposite  to  the  deflection  of  the  marker  pips.  Six 
shock-detection-station  puise3  are  visible  on  the  portion  of 
a record  shown  in  Fig.  19.  The  Mark  I chronograph  provides 
a time  base  for  recording  sequential  information  within  one 
microsecond  over  a 30,000  microsecond  interval. 

The  initiator  referred  to  earlier  and  indicated  on  Fig, 
IS  is  a ring-type  piezoelectric  gauge  constructed  from 
barium  titanate.^O  The  gauge,  whose  inside  diameter  i3 
1-3/#  inches  and  which  is  1/#”  thick  radially  and  1/4'5  wide, 
is  polarized  radially.  The  inner  and  outer  surfaces  coated 
with  a conducting  paste  serve  as  electrodes.  The  ring  is 
mounted  in  a section  of  shock  tube  which  can  be  Inserted  at 
any  joint  of  the  tube.  The  response  cf  the  gauge  to  either 
a shock  or  a rarefaction  near  the  diaphragm  position  pro- 
duces an  initiating  signal. 


20,  R.  A.  Shunk,  et  al,  Rev.  Sci.  Instr.  24,  1069  (1953) 
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V Data  and  hesults 
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The  data  taken  for  oach  experiment  in  the  density 
measurement  of  primary  shock-tubo  flow  aro  of  both  a static 
and  a transient  nature.  The  static  data  includo  tho  dis- 
t fine* os  from  the  diaphragm  position  of  the  eight  shock  detoc 
tion  stations  and  the  interferometer , the  initial  channel 
and  chamber  pressures,  tho  tempera tore  along  tho  bubo,  and 
whenever  the  white-light -fringe  technique  (see  Soc.  3.2) 
is  used,  the  zer oth*fringo  dons  it y.  Tho  transient  data 
appear  on  tho  oscillographic  record  of  tho  shock  path  and 
tho  record  of  chrono-intorf or ometer  fringe  shift  with  time. 
The  survey  of  density  in  primary  shock-tubo  flows  is 
based  on  measurements  whose  range  is  shown  in  Tablo  V,  In 
addition  to  the  84  experiments  listed  in  Table  V,  30  oxporl 


merits  which  uid  not  yield  all  the  required  data  duo  to 
function  of  some  part  of  the  apparatus  givo  supporting 


evi- 


dence • 
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TABLE  V 


r\  r a o o r ht  r\  a in  t r\*r  ^ n t:  O /B  TMn*  tt»L>  in  r-'O  rvn  T7»D 
V Xan  o x i*  xv  n x x : w x v ; i * » k/11  *.  / — x ix  x i_*a  «.  x a.  .j  •.  a^a  % 


OSCILLOGRAPHIC  RECORDS  ACCORDING  TO 


EX  PER  IMEIITA  L G OKDIT  IONS 


Diaphragni-t  o 
Intel1  fer  omw  fc  y i- 
Distance 

P^cr1 

,99 

TJ 

o 

N 

03 

c 

II 

to 

. 

CO 

o 

* *2 

Channel 

Chamber 

Channel 

Chamber 

Channel 

Chamber] 

F. 

>'i  . L • 

'?■  . 

'll . L i 

ir. 

F. 

,L. 

F . 

■i  .L* 

P. 

m ^ i 
M • 1. 1 ^ 

A 

0,630  m 

1 

0 

1 

0 

2 

7 

O 

c* 

— 

2 

1 

4 

O 

6 

— . 

i 

■ 

n 

2.958  in 

1 

0 

1 

0 

2 

4 

1 

2 

2 

7 

2 

i 

C 

5.265  m 

1 

0 

1 

0 

2 

2 

2 

0 

n 

Cj 

2 

2 

0 

D 

7.622  m 

3 

c 

1 

0 

5 

2 

1 

0 

6 

4 

2 

0 

Legend:  ? ,/P  - average  initial  diaphragm  pros- 

sv.ro°rnt  io. 

Channel  - Channel  flow  record 
Chamber  - Chamber  flow  rocord 
F - Rocords  taken  with  monochromatic  flitter 
te’.L.  - Records  taken  with  white  light. 

For  the  flows  initiated  from  a pressure  ratio  PC/P0=1»9S, 
all  the  information  was  obtained  using  the  monochromatic 
filter.  The  irregular  fluctuations  noted  under  other  condi- 
tions were  not  present,  and  a regular  fringe  count  was  possible 
throughout  the  flow.  Flows  initiated  from  pressure  ratios 
Pc/P0  = 9.80  and  49. 2 produced  traces  at  the  stations  A and 
B nearer  to  the  diaphragm  which  contained  largo  amplitude 
''noise".  Therefore  it  was  necessary  to  perform  a largo 
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number  of  exnor imonts  using  the  white-light-fringc  technique 
to  t'iiO  . x iiivj  uopoiiudnco  of  sne  average  uons it y in 

those  flows*  At  stations  C and  D more  distant  from  the  dia- 
phragm, the  chr on o- interferometer  records  wore  less  "noisy" 
and  loss  use  of  the  white-light  fringe  technique  was  mado, 
as  may  bo  seen  in  Tablo  V. 

5,2  Reduction  of  Shock  Path  Records. 

The  rocord  of  tho  shock  motion  in  the  channel  sorvos 
tho  dual  purpose  of  establishing  zero  time  (diaphragm  rup- 
ture) and  of  moasuring  tho  snock  volocitv  for  the  dotormina- 
ticn  of  tho  density  change  across  the  shock.  A plot  of  the 
shock  arrival  at  onch  shock  detection  station,  whosG  dis- 
tance from  tho  diaphragm  is  I'nown,  is  made  from  oach  shock 
path  record  using  an  arbitrary  timo  zero.  Tho  time  inter- 
cept at  tho  diaphragm  position  on  those  plots  is  used  to 
establish  zero  timu  for  each  experiment , 

The  average  shock  spued  V is  determined  at  points  mid- 
way betwoon  dotoction  stations  from  tho  moasured  timo  and 
distance  intervals.  The  shock  Mach  number  Ma=V/o0  can  be 
computed,  tho  sound  speed  c in  the  undisturbed  gas21  being 
known.  A plot  of  Ms  a3  a function  of  distanco  from  tho 
diaphragm  position  is  used  to  determine  shock  Mach  numbor 

21,  bound  speod  in  nitrogen  gas  is  computed  from 

cc=337 „7( 1+0 „00359t ) ^/2m/sec  whore  t is  tho  Centigrado  tem- 
perature. This  vr luo  is  taken  from  the  International 
Critical  Tables  6,  463,  McGraw-Hill  (1929), 
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ac  the  interferometer  station.  The  fractional  density  ratio 
across  the  shock  discontinuity  at  the  Interferometer  nos  i- 
lion  is  then  calculated  from  this  graphically  dotermir.od 
value  of  Mg.  The  equation  for  this  calculation  resulting 
from  the  elimination  of  y between  equations  (Bl)  and  (B4), 
appendix  B,  for  y = 7/5,  is 


Vo's  + 5 * 


( 5 el) 


5,3  Reduction  of  Chrono-Interf erometer  Records, 

A record  of  fringe  shift  vs.  time  is  obtainod  directly 
from  the  interferometer  records.  The  arrival  of  the  shook 
in  tho  case  of  chnnnol  flow,  and  the  arrival  of  the  rare- 
fuoti.cn  head  in  the  case  f chamber  flow  is  used  for  time 
roforor.ee  point  for  the  fringe  3hift  time  measurement  * In 
order  to  establish  those  references  on  records  taken  with 
tho  whito  light  sourco,  tho  output  of  a ring-typo  piezo- 
electric gauge  near  tho  int orferomotor  is  simultaneously 
recorded  on  tho  second  channel  of  tho  Mark  II  oscillograph. 
By  reforonco  on  tho  film  record  to  tho  time  betwoen  tne 
pressure  gauge  detection  of  the  shock  or  rarofactior.  and  the 
chrcno- interferometer  response  to  whito  light,  tho  desired 
reference  point  can  be  established  by  comparison  with  a 
record  including  the  gnugo  response  on  a monochromatic  trace 
taken  with  tho  same  initial  conditions.  This  procedure 
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relies  upon  the  rapror  uoibl  ii  by  of  shocK-tube  flows  under 

the  same  Initial  conditions, 

iho  small  changes  in  Initial  conditions  duo  to  the  daily 

variations  of  ambient  temperature  may  be  accounted  for  by 

expressing  the  data  in  a dimensionless  form  involving  the 

sound  3peed  cG  in  the  undisturbed  gas.  The  timo-like  para- 

met  o*»  iial  ia  used,  where  d is  the  int erf oromet ^r-t o* 
d 

diaphragm  distance  and  t is  the  time  measured  from  the  proper 
zero.  For  chamber  flows,  whoro  t^  is  measured  from  the 
arrival  of  the  rarefaction  head  at  the  int.orfer ometor , the 
formula 

'£*=  1 + Pnti  (5.2) 

d 

is  used.  For  channel  flows,  whore  tp  is  the  tima  relative 
to  the  shock  arrival  at  the  interferometer,  the  formula  . 

Z=zs  + (5.2) 

d 

is  used.  The  valuo  Z3  is  determined  from  the  shock  path 
record  describud  in  Sec.  5,2, 

The  density  ratio  ?/ i°c>  where/*^  is  the  initial  cham- 
ber density,  i3  used  to  discuss  the  chamber  flow.  The  ratio 

r/fc  = i - IfifpQ  , (5.4) 

where  A is  the  density  change  from  the  value  ^c,  is  obtained 
from  the  fringe  shift  AS,  counted  from  the  head  of  the 


(5.5) 


rarefaction,  by  tho  equation 

bfi/fir  = ISL  (AP)  AS 
Ti  AC  IP0 

which  makes  use  of  the  basic  interferometric  relation  (3.2), 

In  the  preceding  equation  Tc  and  Pc  are  initial  chambor 
temperature  and  pressure,  and  tho  subscript  i refers  to  the 
isothermal  interferometer  calibration.  The  dons  it  y in  the 
channel  flow  Is  expressed  in  the  form  of  fractional  density 
change  AffVo  =(P~ Po^°o  * w^er0  1° o th®  initial  channel 

density.  Tho  value  of  )_  across  tho  shock  is  oalculatod 

r°  3 

by  (5.1)  using  tho  shock  path  data.  The  additional  fractional 
density  change  behind  the  shock  is  calculated  from  tho  fringe 
shift  AS  oountud  from  tho  shock.  The  formula  for  tho  frac- 
tional density  change  in  the  channol  is 

= Uf/r0)3  + 'La  /AP\  AS  (5  5) 

Tj.  'ASL  P0  ' ' 

whore  Tq  and  Pq  are  initial  channel  temperature  and  pressure. 

An  estimate,  based  on  the  ideal  shock-tub •>  flow  theory, 
of  the  effoct  on  tho  density  cf  a small  variation  in  the 
initial  pressure  ratio  Pc/P0  indicates  that  the  density  varia- 
tion duo  to  variations  in  Pc/P0  among  trials  would  bo  less 
than  the  experimental  error  In  density  measurement  except 
in  the  hot  gas  region  between  shock  and  cold  front.  There- 
fore, a correction  was  applied  only  to  tho  values  cf  A/V>0 
and  between  shock  and  cold  front  to  reduco  tho  experimental 
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values  to  those  expected  at  fcho  average  Pc/?0. 

A sample  reduction  of  data  is  outlined  in  appendix  D. 
5.4.  Results . 

The  density  measurements  made  in  primary  shock-tube 
flows  are  presontod  in  graphical  form.  The  time  variation 
of  density  at  eight  different  positions  in  throo  flows 
started  from  different  initial  prossuro  ratios  has  beon 
recorded.  Of  the  24  donsity-timo  measurement s , all  four 
channol  positions  at  Pc/Po=l,99,  and  all  four  chamber  posi- 
tions for  each  initial  pressure  ratio  aro  grouped  together, 
with  the  remaining  8 studies  of  channel  flow  presontod 
separately.  Theso  12  graphs  appear  ns  Figures  20  to  31 « 

The  density  variation  with  time  at  the  channel  posi- 
tions is  presented  as  a plot  of  fractional  density  change 
A £>/f>0  h gainst  the  timo-llke  variable Z”12  o0t/d, 

and  at  the  chamber  positions  the  dimensionless  variables 
NPa  and  T^are  used.  The  roforonco  densities  Po  ar‘d/°c 
are  respectively  the  undisturbed  channel  gas  and  chamber 
gas  density,  cQ  is  the  sound  vo'i  ocity  in  the  undisturbed 
gas  in  both  channol  and  chamber,  t is  the  time  aftor  dia- 
phragm rupture,  and  d is  the  distance  betweon  intorferomotor 
windows  and  diaphragm.  The  use  of  these  variables  permits 
corrections  to  standard  conditions  to  bo  made  for  measure- 
ments made  under  slightly  different  initial  conditions,  as 
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Fis.  23  Channel  Flow  Rt/po=a80 


Fig.  24  Channel  Flow  r/r* 


Fig.  25  Channel  i*low 
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Fis.  26  Channel  Flow  i?/ps*  *92 


Channel  Flow  pc/f>=49.2 
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Fig.  28  Channel  Flow  ?/p8'49.2 


Fig.  29  Chamber 


Fie.  30  C hamber  Flow  ij/ip**  9.80 


described,  in  the  preceding  section:  the  use  further  facili- 
tates the  comparison  of  experimental  results  with  t.ho 
idoa'iizsd  theory. 

The  channel  flow  rosults  aro  presented  in  Figuros  20 
to  2Q.  The  timo  dependence  of  density  at  all  four  inter- 
ferometer stations  is  given  in  Fig.  20  for  Pc/P0-1,99. 

Figui’03  21,  22,  2?  and  PA  a >/P„=9.80  and  Figures  25, 

26,  27,  and  2e  for  Pc/P0=49.2  prosont  the  dons  it y variation 
with  time  at  the  successively  more  remote  interferometer 
stations  A,  B,  C,  and  D rospuot ivoly • Freehand  curves 
through  experimental  points  are  shown  dashed.  Tho  idcrilized 
shock-tube  theory  predicts  constant  density  bohind  tho  shock 
until  tho  arrival  of  tno  contact  surface  (cold  front),  con- 
stant density  behind  the  contact  discontinuity,  and,  in  the 
oaso  of  Pc/P0=4y,2,  increasing  density  as  the  rarefaction 
spreads  over  the  station  under  study.  Thoso  quantitative 
prodiction3  of  tho  idealized  theory  "re  draw,  on  oach  graph 
to  permit  comparison  with  the  actual  flow. 

In  oach  oaso,  tho  duration  of  the  measurement  was  ap* 

proximately  30  milliseconds  from  diaphragm  rupturo.  Tho 

variable  0 o.t  thus  terminates  at  smaller  values  for 
d 

la3’gcr  distances  d of  the  measuring  station  from  the  dia- 
phragm, and  it  appoars  that  a smaller  fraction  of  the  flow 
is  studied  at  greater  distances.  Actual  times  in  milliseconds 
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arc  shown  on  Figures  21  through  28  corresponding  to  sound 
speed  of  .''52.5  m/suc  in  oho  uncisturbuu  gua  , 

The  duration  of  the  measurements  of  channej  flows  was 
sufficient  to  observe  the  cold,  front  at  all  stations  excopt 
C and  D for  Fc/P0=1.99,  and  station  D for  Pc/'Po=9,80,  In 
these  cases  the  rarefaction  reflected  from  the  und  of  the 
chumbor  reached  the  interferometer  before  tho  cold  front 
arrived*  In  Fig*  24  ( P0/P^=9 .80  at  station  D)  tho  two 
roflectod  rarefactions  shown  Illustrate  the  effect  of 
delaying  the  arrival  of  the  reflected  wave  by  making  a small 
increase  in  chamber  length, 

Tho  chamber  flow  measurements  for  all  stations  aro  shown 
on  Figures  29.  30,  and  31  for  the  flows  initiatod  from  Pc/P0= 
1,99,  9,80,  and  49.2  respectively.  The  measured  rarefactions 
hro  compared  with  tho  centered  rarefaction  postulated  in  the 
ideal  shock-tube  theory, 

5,5  Reliability  of  the  Donsity  Measurements 

Sinco  more  inter ost  exists  in  relative  donsity  changes 
than  In  values  of  absolute  density,  the  reliability  of 
measured  values  of  the  former  will  bo  discussed.  Actually 
tho  known  initial  pressures  and  temperatures  in  chimbor  and 
channel,  and  the  known  thermodynamic  oroperties  of  nitrogen 
gas  would  permit  relative  density  valuta  to  be  transformed 
into  absolute  donsity  values  with  high  precision. 


In  preceding  sections  of  this  chaptor  it  has  boon 
mentioned  that  the  "Li vu  density  values  aro  actonnlnod 

from  equations  ropo-u.ed  hero  for  reference. 

Fractional  dons it y inoroaso 
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across  shock.  (5,1) 

Re  lot i vo  channel  density  in 

terms  of  measured  fringe  shift 

( S,6) 

Relativo  chamber  dons  it y in 

terms  of  measured  fringo  shift 

(5,5) 


As  statod  in  preceding  sections,  the  donsity  dot orminat ions 
made  with  the  whito-light-fr j ngo  technique  yield  donsity 
values  directly 

The  determination  of  time  at  which  a donsity  measure- 
ment is  made  is  also  subject  to  error.  Since  all  graphical 
compar  son  in  Figures  20-31  involve  the  "relative"  time 
parameter , 

the  reliability  of  thi3  quantity  is  of  interost.  The  uncer- 
tainties in  the  values  of  r relative  to  those  in  tho  rela- 
tive density  values  are  so  small  that  no  indication  of  their 
magnitude  can  be  mado  on  the  graphs.  Error  intervals  In 
relative  density  values  are  shown  ’ey  verticuj.  lines  through 
data  points  in  Figures  20-31 j tho  accuracy  of  data  points 


! 


- 8G  - 

without  vertical  lines  is  such  that  the  error  interval  would 

'h1*1  T ^ V.  x - 4-  Vi  r\  rt  4 *7  r «-v  f'  f Van  a "rmK  nl  c 

Oo  u.  vc  u w<«.»u  .hiwa  v * w ov  t)  v.m  v o ^ b ' • =-  w»  • v - j _ v 

No"-  con.1?  idor  the  influence  of  errors  in  measured  quanti- 
ties on  the  precision  of  the  plotted  data  points  in  turn, 

Tho  variation,  among  repeated  trials  of  flows  started  from 
identical  conditions,  of  the  measured  shock  Mach  number 
M?=  }L~.  Ip  larger  than  can  be  attributed  to  errors  in  tho 
measured  time  and  distance  intervals  or  to  tho  sound  speod 
cQ.  Gi  oups  of  five  or  more  repetitions  ( Pc/P0=9 .80,  49,2) 
jT*J  c Id  in  nC  v!I2  C r*  00^^10  o4"nr%£lnv>r^  r-J  o sr  n +■  ^ r\>n  "P  r\T» 

ing  1 %.  Through  equation  (5.1),  the  calculated  values  of 
u?/p0  )s  are  thus  found  to  be  roliable  to  within  2$  for 
pc/po~9»80>  49,2.  Similar* c' us idorat ions  involving  fewer 
repot  it  ions  show  values  for  the  case  P0/P0  = 1*99  to  be  * 
reliable  within  1%, 

In  section  3=2  the  quantity  _J_  f ~1L\  was  shown  to  be 

l’i  I AS  )y 

constant  to  0.4$  over  a pressure  range  from  l/2  to  5 at- 
mospheres. In  measuring  tho  Initial  conditions,  tho  read- 
ing and  instrumental  errors  are  such  that  tho  quantities 
T0/?0  and  T C/Pja  will  bo  correct  to  within  0,5$,  Tho  read- 
ing error  from  the  chrono-intorforomotcr  records  of  tho 
fringe  shift  AS  nr©  conservatively  estimated  to  be  + l/lO 
fringe  for  ■ 11  quiet " chamber  flow  and  + l/8  fringe  for  the 


"quiet”  hot  gas  region  of  channel  flow.  The  accumulated 


orrors  in  tho  relative  uunsities  calculated  by  equations 


l r~  r-  \ 


w.u/  miu  \o*o;  arc  luaa  urfn  tau  zc  oi  uno  syiuooxs 
indicating  experimental  points  in  Figuros  20  through  51* 

The  larger  error  involved  in  moasuromonts  made  by  tho 
whito-light-fringe  techniquo  ariso3  I'rom  two  sourcos. 
First,  with  the  care  taken  in  this  work  the  zor oth-fringo- 
donsity  setting  is  known  only  to  + 1 fringo.  Secondly, 
in  noisy  flow  regions  where  noise  amplitude  oxccods  1/2 
fringe,  tho  average  fringe  amplitude  cannot  bo  accurately 


uuuox’nunuu,  s'1  uiuo  luo  u ingu  numocr  cun  uu  j-uum.xjLj.oa 


only  to  + 1 fringe, 

Tho  orrors  in  the  time  parameter 't  = c0t/d  are  small 
and  involve  only  orrors  in  oQ  and  in  tho  determination  of 
tho  initial  time  zero.  Tho  sound  velocity  is  known  to 
within  + 0,5  in/scc,  Tho  timo  origin  as  determined  from 
the  x-t  plot  of  the  shock  path  has  an  estimated  error  of 


+ 50  microseconds. 


88 


VI  Discussion 

The  density  measurements  presented  Mi  the  preceding  chap- 
ter show  that,  with  the  exception  of  flow  near  the  head  of  the 
rarefaction,  the  density  distribution  in  Lime  and  space  in  the 
1-3/6  inch  diameter  shock  tube  is  not  accuiately  described  by 
the  ideal  theory . Rough  outlines  of  the  ideally  predicted  re- 
gions of  constant  density  hot  gas,  constant  density  cold  gas, 
and  a rarefaction  wave  are  evident  in  most  of  the  measurements, 
however . In  tills  chapter,  3ome  details  of  the  deviations  in 
the  flow  from  that  predicted  by  the  ideal  theory  are  discussed 
and  certain  mechanisms  are  suggested  which  might  need  be  taken 
into  account  to  develop  a more  satisfactory  theory  of  shock 
tube  flow. 

6.1  Features  of  Primary  Shock  Tube  Flow 

a)  Spreading  of  the  Cold  Front. 

One  o*'  the  most  marked  deviations  observed  in  the  flow  from 
that  predicted  by  the  ideal  theory  is  the  absence  of  a contact 
surface  between  hot  and  cold  gas.  In  every  case  studied,  as 
may  be  seen  in  Figures  20-27,  the  density  increases  gradually 
as  the  cold  gas  region  approaches  and  passes  the  interferometer- 
windows.  Wearer  the  diaphragm  a rather  rapid  increase  in  densi- 
ty with  time  is  observed  (Figs.  21.  22,  25,  26).  On  these 
graphs  the  scatter  in  the  white-light-fringe  points,  which  is 
outside  experimental  error,  indicates  that  there  is  initially, 
with  the  arrival  cf  the  cold  gas,  a narrow  region  of  rapidly 
fluctuating  density.  At  more  distant  interferometer  stations 
the  density  increases  quite  gradually  without  such  violent 
fluctuations. and  the  cold  front  is  greatly  extended.  (Fig.  23, 
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27,  2*3 ) . Although  the  cold  front  region,  was  observed  only  at 
stations  A and  n for  P./P„  « 1.99  it  is  evident  even  in  this 

U ' w 

case  that  the  front  Is  spreading  out  both  into  the  predicted 
hot  gas  and  the  cold  gas  regions  and  occupies  a region  extend- 
ing over  approximately  four  tube  diameters  (Fig.  20) „ 

b)  Non -Uniform  Hot  Gas  Region, 

In  every  case  studied  deviation  from  a constant  density  in 
the  hot  gas  region  exists.  The  density  increases  continuously 
with  time  after  the  shock  passes,  In  the  case  of  Pc/P0  = 1.99 
this  density  increase  is  30$  of  the  initial  density  change  a* 
cross  the  shock , and  for  Pc/P0  *»  9,80  and  49>*>  tms  density 
increase  exceeds  50$  of  the  density  change  across  the  shock 
at  more  distant  stations .{ Figs . 23,  24,  27,  26).  The  shock 
velocity  records  show  a decrease  in  shock  strength  with  dis- 
tance  in  agreement  with  previous  measurements  in  this  tube. 
Furthermore,  the  duration  of  the  hot  gas  region  becomes  pro- 
gressively less  than  theoretically  predicted  with  increasing 
interf erometer-to- diaphragm  distance , 

c)  Non-Uniform  Cold  Gas  Region. 

As  the  cold  gas  region  passes,  the  average  density  is  ob- 
served to  increase  with  time.  At  interferometer  stations  near 
the  diaphragm,  density  values  higher  than  theoretically  pre- 
dicted are  achieved.  The  shattering  diaphragm  material  is  car- 
ried along  with  this  gas  and  the  observed  particles  are  more 
numerous  and  more  compact  at  shorter  distances  from  the  diaphragm 
position.  There  is  no  evidence  of  a constant  density  region  in 
the  cold  gas.  Only  in  the  case  of  P /tq  = 49.2  is  the  tail  of 
the  rarefaction  predicted  to  pass  the  interferometer  stations 
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in  the  channel,  and  there  is  no  marked  indication  of  the  arri- 
val of  the  leading  edge  (Fig.  25,  26). 

d)  Deviation  from  a Centered  Rarefaction . 

The  postulated  centered  rarefaction  in  the  chamber  is  a 
good  approximation  to  the  observed  rarefaction  initially.  As 
the  flow  develops  the  latter  portions  of  the  rarefaction  begin 
to  deviate  from  the  centered  rarefaction.  In  the  case  Pc/Pc 
= 1.99  the  rarefaction  tail  which  is  fairly  clearly  marked, 
occurs  at  successively  higher  densities  as  the  interf erometer- 
to-d'i  anhragm  distance  increases;  the  tail  density  is  3?o  higher 
at  station  A and  5%  higher  at  station  D (Fig,  29),  In  the 
cases  Pc/P0  = 9.80,  and  49,2  the  density  decrease  in  the  rare- 
faction is  much  less  than  that  of  the  postulated  wave  (Figs. 

30,  31).  The  rarefaction  resulting  from  Pc/P0  ~ 49.2  follows 
the  postulated  centered  rarefaction  for  slightly  longer  times 
at  each  station. 

e)  Irregular  Density  Fluctuations 

The  records  obtained  in  flows  resulting  from  Pc/P0  - 1,99 
are  free  from  irregular  fluctuations.  However t the  flows  re- 
sulting from  P„/P0  = 9,80  and  49.2  give  evidence  of  irregular 
density  fluctuations  (Figs,  lib  and  12b)  whiv.h  in  general  are 
most  prevalent  in  the  flow  following  the  cold  front  in  the  chan- 
nel and  in  the  flow  at  the  later  portions  of  the  rarefaction 
in  the  chamber.  At  station  A (nearest  the  diaphragm)  the  hot 
gas  region  produces  signals  characteristic  of  shock  passage 
which  appear  after  the  passage  of  the  primary  shock.  However, 
at  the  more  distant  stations  B,  C,  and  D small  irregular  densi- 
ty fluctuations  appear  which  grow  in  magnitude  as  the  hot  gas 
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region  passes.  These  fluctuations  appear  at  successively 
longer  times  after  the  shock  passes  stations  B,  C,  and  D re- 
spectively and  they  have  the  same  order  of  absolute  magnitude 
for  both  initial  conditions  at  each  interferometer  station. 

At  the  nearer  stations  A and  B the  fluctuations  attain  an  am- 
plitude exceeding  one  half  fringe  immediately  upon  the  arrival 
of  the  cold  gas.  At  the  more  distant  stations  C and  D the  ir- 
regular fluctuations  in  the  channel  never  attain  a half-fringe 
amplitude  in  the  cold  gas  region.  As  the  rarefaction  passes 
a chamber  position,  small  irregular  density  fluctuations  ap- 
pear and  increase  in  magnitude  in  a regular  fashion  until  a 
half-fringe  amplitude  or  greater  exists.  The  appearance  of 
these  fluctuations  in  the  rarefaction  is  not  simply  correlated 
with  either  density,  or  time  of  flow. 

6.2  Composite  Representations  of  the  Results. 

The  measurements  of  density  in  primary  shock  tube  flows 
can  be  presented  by  two  additional  graphical  methods  as  an  aid 
toward  visualizing  the  extent  of  the  deviation  from  the  ideal 
flows.  In  Fig.  32  the  density  distribution  at  the  eight  sta- 
tions along  the  shock  tube  at  a particular  time  after  diaphragm 
rupture  is  presented,  together  with  the  theoretical  distribu- 
tion (Appendix  C).  The  second  method  consists  of  a plot  of 
lines  of  constant  density  for  the  primary  flow  on  the  x-t  plane. 
This  latter  method,  yielding  the  plots  of  Figs,  33,  31,  and  35, 
is  most  elegantly  suggested  by  the  wave  speed  camera  investiga- 
tions of  shock  tube  flow  carried  out  at  the  University  of 
Toronto,22 

22.  Glass,  Ie  I.,  Institute  of  Aercphysics  Report  No.  6, 
University  of  Toronto  (1950) 
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Fio.  32  Spatial  Density  Distribution  in  Primary 
Shock-  Tube  Flow  at  a Particular  Time 
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Fig.  35  x-t  Rix>t  of  Lines  of  Constant  Density (/>>&).  Border  Shows  Ideally  Predicted  ko# 


x-t  plots  of  priirniy  sh 


k tube  flows  in  Figs.  33,  34, 


and  35  are  for  the  initial  conditions  PC/PQ  = 1.99,  9.80  and 
49.2  respectively.  The  predictions  of  ideal  theory  are  shown 
on  the  border  of  each  plot;  in  the  interior  of  the  plots,  densi- 
ty lines  are  drawn  for  density  increments  of  P/p c = C.02. 
since  the  shock  paths  and  the  path  of  the  rarefaction  tail  in 
the  case  of  Pc/ PQ  ■=  1.99  are  not  lines  of  constant  density  ex- 
perimentally, they  are  shown  dotted.  After  20  milli30Cond3  of 
flow  the  cold  front  seems  to  be  spread  out  over  60  tube  diam- 
eters for  P /P  = 9.80  and  49.2. 

An  x-t  plot  of  the  lines  of  constant  density  for  the 
rarefaction  resulting  from  the  initial  condition  Pe/P0  *=  9.80 
is  presented  on  Fig,  36  in  order  to  indicate  in  another  way 
the  large  deviation  from  the  postulated  centered  rarefaction. 

The  theoretical  straight  line  C~  characteristics  (Appendix  O 
are  lines  of  constant  density.  The  shift  of  the  observed 


lines  of  constant  density  from  the  ideal  straight  linc3  is 
indicated  by  the  snail  arrows.  On  this  plot  are  also  shown 
by  additional  contours  the  time  and  the  positions  at  which 
the  amplitude  of  the  irregular  density  fluctuations  attains 
a value  of  0.06  and  0.2  fringe.  Density  values  lying  above 
and  to  the  right  of  the  0.2  fringe  amplitude  fluctuation  contour 
were  established  by  the  white-light-fringe  technique.  Contours 
of  eqml  size  fluctuations  do  not  follow  a line  of  constant 
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6,3  Speculation  on  Dissipative  Mechanisms, 
a) Hot  Ons  H.egion 
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as  a mechanism  for  causing  deviation  from  the  ideal  shock  tube 
flow.  Of  the  various  proposals  which  have  been  made  for  at- 
tributing non-ideal  shock  tube  behavior  to  boundary  layer 
growths  only  that  by  Hollyer  is  in  a form  permitting  a predic- 
tion to  be  made  of  density  variation  as  a function  of  time. 

This  theory  permits  the  calculation  of  the  average  density  in 
the  hot  gas  region  as  a function  of  the  time  t£  after  shock 
passage  from  the  knowledge  of  a single  parameter  y,  the  shock 
pressure  ratio,  The  average*  density  in  the  hot  gas  region  is 
predicted  to  increase  in  proportion  to  /Vjj.  A direct  compari- 
son with  the  density  measurements  presented  here  appears  in 
Fig.  37  for  the  case  PC/PQ  =*  49.2  at  interferometer  stations 
B,  C,  and  D where  y = z + 1 = 4 .3 , 3 .3 , and  3,4  respectively. 

The  theoretical  straight  lines  are  calculated  from  the  formula2^: 

y1/?U  + ^y)1/2  |(y-n-2)A2  + 2y(p  + peMoTlto1/2 
2R  ii(y-l)  (p  + y)^72  4.  6 J 


vf/ir.  71;‘ 2 1 -1-  + 6y)V2  f "(y-£)A2  + 14y? j t-p1/2 

1'cPv  '.y-l)(6  + y)  l.  * _i 


23.  Donaldson,  and  Sullivan,  NACA  Technical  Note  1942  (1949) 

24.  R.  K,  Lobb , Phys . Rev,  34,  612  (A)  (19*51) 

25.  Kub'-r , McFarland,  and  : vine,  NACA  Research  Memorandum 
SL53D13a  (1953.' 

26.  This  formula  is  derived  by  carrying  cut  the  suggested 

- - • * * 'f^ircx  i/i  on  ci  c- qua  cion  v i c*  j on  p-  I'+U  oi  rtl  trsneo  /f  t 
A s shown  in  fc^rence  4 the  assumption  of  6=1  leads 
to  a somewhat  smaller  estimate  of  heat  transfer  at  the 
shock  tube  wall,  than  results  from  the  more  nearly  correct 
value  0.75  for 
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Fig.  37  Density  Increase  in  Hot  Gas  Following  Rvssage  of  Shock 
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R = 0.373  cm  s hydraulic  radius  of  the  shock  tube, 

3\Q=  173.1  micropoises,  viscosity  of  the  undisturbed  • 
channel  gas, 

^0-  1,154  x 10“^gm/cc , density  of  the  undisturbed  channel 
gas, 

§ Prandtl  number  (assumed,  constant  at  1), 
y = 8 + 1,  the  shock  pressure  ratio. 


quantity  Ap  is  given  graphically  in  the  reference 


as  a function  of  y and  for  the  case  of  & *»  1 the  quantity 
0?(O)  is  calculated  from  Ap  and  y. 

The  lack  of  quantitative  agreement  between  theory  and 
experiment  ic  probably  partly  attributable  to  three  features 
obseived  in  the  siiock  tube  flow  which  are  not  taken  into  ac- 
count in  the  attenuation  theory.  These  1 matures  will  be  men- 
tioned in  turn. 

In  the  attenuation  theory  the  flow  outside  the  hot  gas 
region  is  assumed  to  be  that  of  the  ideal  shock  tube  theory 
which  has  adjusted  to  the  perturbed  region  at  the  contact  sur- 
face. Since  the  cold  front  spreads  out  into  a region  large  in 
comparison  to  the  tube  diameter,  since  there  is  no  region  of 
uniform  flow  between  cold  front  and  rarefaction*  and  since  the 
rarefaction  deviates  markedly  from  a centered  rarefaction,  this 
assumption  is  seriously  violated. 

The  duration  of  the  flow  studied  may  be  too  great  to  permr 
appiicaticn  of  the  Prandtl  boundary  layer  approximation  3ince 


t.ho  "boundary  layer"  may  fill  the  tube  rather  early  and  free 
stream  flow  values  may  not  exist.  At  Princeton  University, 
Bershader^  has  studied  the  growth  of  a transient  boundary 
layer  over  a flat  plate  by  obtaining  flash  interfere  grams  at 
successive  times  after  shock  passage.  The  iriterf erograms  show 
a boundary  layer  which  develops  a thickness  of  about  0.3  inch 
in  a --ime  t-,  » 735  microseconds.  The  flow  conditions  (nitro- 
gen gas ; 2 » 4.6}  are  similar  to  the  case  Pc/P  *>  49.2  at  sta- 
tion B of  this  work.  If  a boundary  layer  of  a similar  nature 
occurs  in  the  cylindrical  tube,  about  half  the  tube's  cross-sec- 
tion would  be  filled  with  boundary  layer  in  1 millisecond. 

Thu  assumption  of  laminar  flow  in  the  attenuation  theory 
may  not  be  applicable  to  a significant  fraction  of  the  affected 
gas. 

b)  Cold  Front  Region 

\ 

The  marked  change  in  chrono-interf erometer  response 
to  the  passage  of  the  cold  front  region  with  increasing 
interf erometer-to-diaphragm  distance  can  be  explained  if  the 
surface  between  hot  and  cold  gas  is  assumed  to  acquire  an  ex- 
tended paraboloidal  shape  in  the  cylindrical  tube.  As  this 
elongated  .shape  moves  across  the  interferometer  position, 
the  chrono-interferometer  would  yield  the  observed  regular 


fringe  intensity  variation  with  time, 
c)  Rarefaction  Wave 


The  deviation  of  the  chamber  flow  from 


p mo  r 


cu 


rarefaction 


suggests  the  action  of  a dissipative  mechanism  such 


2?.  Btrshader,  D.,  Private  Communication.  Also  sec  Borshader, 
D.,  Phys.  Rev.  91 , 470  (A)  (1953) 
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as  a boundary  layer.  The  deviations  most  certainly  cannot  be 
accounted  for  by  the  assumption  that  an  isentropic  r, on-centered 
wave-  is  produced,  as  though  by  an  accelerated  piston,  for  an 
isentropic  wave  would  still  be  described  by  straight  constant- 
density  lines  on  an.  x-t  plot. 

d)  Irregular  Density  Fluctuations 

The  density  fluctuations  which  begin  with  small  amplitude 
behind  the  shock  and  during  the  later  portions  of  the  rare- 
faction may  represent  an  instability  developing  in  the  flow4 
It  should  do  noted  that  the  tests  upon  interferometer  windows 
in  the  shock  tube  wails  did  not  conclusively  prove  that  fluc- 
tuations were  not  induced  locally  by  the  small  remaining  re- 
cesses in  the  tube  walls.  However,  observed  fluctuations  may 
not  be  attributable  entirely  to  this  cause,  and  other  sources 
may  be  mentioned. 

The  larger  fluctuations  in  the  hot  gas  and  the  cold  gas 
region  which  become  less  noticeable  at,  greater  distances  from 
the  diaphragm  could  be  attributed  to  processes  associated  with 
diaphragm  rupture.  In  particular  the  noi3y  flow  conditions  at 
station  A for  the  conditions  Pc./P0  e*  9„£0  and  49.2  could  be  at- 
tributed to  secondary  waves  catching  up  to  the  main  shock. 

By  Schlicren  spark  photographs  of  the  shock  reflected  from 
the  closed  end  of  the  channel,  which  is  moving  back  into  the 
gas  set  in  motion  by  the  primary  shock  Koliyer^  has  studied  the 
growth  of  the  boundary  layer  in  the  hot  gas.  On  the  basis  of 
the  shock-boundary  layer  interaction  he  classifies  the  boundary 
layer  as  laminar  or  turbulent  and  correlates  the  results  with 
the  "Reynold’s  number  per  cm”,  lie/ cm  * u/ypv'T);  where  p,  ^ . 
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and  T are  calculated  from  the  shock  relations  and  > the  vis- 

o 3 

cosity  is  obtaintd  from  T through  Sutherland’ 3 formula.  ' 
holiyor  finds  the  boundary  layer  in  the  2”  x 7”  Michigan  shock 
tube  to  be  turbulent  for  Re/ cm  > 1.5  x 10^  cm*-*-.  All  of  the 
flows  studiod  in  the  presently  rcporte  u dcr.3icy  measurements 
have  Re/cm  > 1.5  x lO^cm"^-.  On  the  basi3  of  this  classification 
the  boundary  layer  would  be  turbulent,  and  the  prominent  fluc- 
tuations so  consistently  observed  on  the  chrono=interferometer 
records  for  P /PQ  = 9.30  and  49.2  flows  may  represent  density 
fluctuations  charactei istic  of  turbulence.  The  absence  of 
density  fluctuations  in  the  Pc/P0  = 1,99  flow  and  in  the  early 
portions  of  the  rarefactions  may  indicate  that  the  appearance 
of  turbulence  in  these  less  rapid  flows  has  a time  dependence. 


23,  >/?o  " ( T/T0 ) 3/2  t0  + 114 


Sutherland,  W,  Phil.  Mag,  5th  series  36,  507  (1393) 
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Vi.L  Cone  iua  ions 

The  ehreno -intorf oroiite. tve  has  been  applied  successfully 
to  a study  of  primary  shock  tube  flows.  The  instrument  de- 
veloped is  especially  well  adapted  to  the  study  of  waves  of 
finite  amplitude  and,  although  it  is  restricted  to  use  on 
one-dimensional  flows  with  relatively  small  density  gradients, 
the  instrument  has  the  advantage-  that  there  is  no  effective 
limitation  to  the  time  over  which  measurements  can  be  made. 

Two  dimensional  flows  and  limited  portions  of  one  dimensional 
flows  containing  steep  density  gradients  are  better  studied 
with  a field  interferometer  employing  flash  photography. 

Compared  to  field  interferometers,  the  chrono-interf erometer 
is  relatively  simple  to  construct  and  is  much  less  costly  since 
small  optical  comp,  tents  are  employed.  However,  the  optical 
components  must  be  free  of  vibration  over  a relatively  long 
time  period  during  a measurement. 

The  density  measurements  of  the  primary  shock-flow  have 
provided  a quantitative  detailed  picture  of  density  distribution 
in  space  and  time  throughout  the  tube.  Measures  of  the  de- 
parture from  the  predicted  flow  of  ideal  theory  are  provided. 
Although  more  detail  of  shock  tube  flow  has  been  obtained  there 
is  still  insufficient  information  available  to  show  conclu- 
sively what  mechanisms  aru  present  and  what  role  they  play. 

When  the  density  measurements  were  undertaken  it  seemed  possi- 
ble that  a one  dimensional  description  of  shock  tube  flow  based 
upon  a perturbation  to  the  ideal  theory  could  be  made:  however, 
in  view  of  the  large  extent  of  the  observed  deviations  this  does 


- ±UO 


not  seem  feasible  for  a shock  tube  of  the  size  in  which  these 
measurements  were  taken. 
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CENTERED  RAREFACTION 

The  description  of  fl.iite  one -dimensional  waves  moving 
in  a pclytropic  gas  without  dissipation  may  be  found  in  a 
number  of  books  and  reports^® . Certain  relations  apply- 
ing to  a centered  rarefaction  are  listed  below  for  con- 
venience t 

A centered  'leftward-facing  rarefaction  is  described  by 
stre igrit- line  characteristics  C~  drawn  in  the  x-t  plane  inter- 
secting at  the  origin.  Along  any  one  characteristic,  all 
flow  variables  (eag,  pressure  P,  density  p , local  sound  speed 
c,  particle  speed  u)  are  constant.  Among  the  flow  variables 
chore  are  the  following  relations: 
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29,  For  example,  Courant  and  Friedrichs,  "Supersonic  Flew  and 
Shook  Waves",  Interscience  Publishers,  New  York  (1949) 

!5C,  I,  I.  Glass,  Institute  of  Aerophys ics  Report  No,  9,  Uni- 
ver s it y of  Y or  ent  o ( 1951 ) 
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Equation  of  a characteristic  line  CJ~  nn  wh«sh  rtanc  +-.•<>•  voi. 
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which  may  be  solved  for  the  explicit  dependence  of  ^ on  x 
and  t-  2 
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vali'1  in  >h«  domain  t > 0,  ~C0t  < /.  < — j t . 

.*■» point  X » C j dlC  flow  is  sonic  (u  - c and  the  density 
is  constant  in  time  with  the  value 
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APPENDIX  B 


SHOCK  RELATIONS 


Across  a normal  shock,  such  as  Is  or  6S.  v G d in  a shock 
tube,  there  are  the  Rankine-Hugoniot  relations  which  relate 
all  flow  variables  behind  the  shock  to  the  flow  ahead  of 
the  shock  through  a single  "shock  strength  parameter'1. 
Following  are  the  relations  which  employ  the  shock  strength 
parameter  y = 1 + z = P/Pc  the  ratio  of  pressures  behind 
and  in  front  of  the  shock.29 
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The  no-called  "shock  Mach  number"  = V/o  , the  ratio  of 
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propagation  speed  of'  the  shock  into  undisturbed  gas  and  sound 
speed  in  the  undisturbed  gas  Is 
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31.  R.  N.  Hollyer  and  Otto  Laporte,  Am.  Journ-  Phvs  . 21,  610 
(1953) 

32.  Liepmann  and  Puckett,  "Aerodynamics  of  a Compressible 
Fluid",  Vi/iley,  New  York  (1949) 


SUMMARY  OP  THF  TDFA  T,  SHOOK  T'(!HF  T H FOP. Y 

The  idealized  theory  ia  summarized  in  this  appendix  to 
emphasize  the  theoretical  density  distribution  in  tho  shock 
tubo;  other  treatment; a ’ ' r 7 of  the  flow  emphasize 

pros sure  or  flow  Mach  number*  The  mathematical  treatment  is 
baaed  upon  tho  following  simple  wave  model,  A piano  shock 
and  a plane  rarefaction  form  instantly  upon  bursting  of  tho 
diaphragm  between  the  chamber  and  the  channel.  Subsequently, 
the  rarefaction  and  tho  shock  propagate  from  tho  diaphragm 
into  the  chamber  and  the  channel,  A contact  surface,  which 
is  the  boundary  between  tho  cold  gas  expanded  by  the  rare- 
faction and  tho  hot  gas  compressed  by  tho  shock,  movG3  from 
the  diaphragm  position  "ith  the  gas#  The  thoory  treats  the 
ono-dlmonslouul,  adiabatic,  and  invlscld  flow  of  an  idoal 
poly tropic  gas . 

Tho  wave  mode!)  of  shock-tube  flow  is  fitted  by  satis- 
fying tho  discontinuity  conditions  at  the  contact  surface. 
This  is  accomplished  by  matching  both  the  particle  volocity 
and  tho  pressure  between  tho  hot  gas  bohind  the  shock  and 
tho  cold  gas  at  tho  rarefaction  tall,  We  nood  only  equate 
equation  (A4)  to  equation  (B2)  thus  imposing  tho  conditions 


33,  Bionkney  and  Taub , Re  vs , ..odern  Phys  . 21,  584  (194S) 

34,  Huber,  Litton,  and  Delpino,  NACa  Technical  No to  1903  (1949) 

35,  C.  V'..  Lampoon,  Toot-  Hote  i.39,  Ballistics  Res,  Lab,  (1950} 


that  the  pressure  P and  particle  speed  ” behind  shock 

are  equal  to  the  pressure  and  particle  speed  respectively 
at  the  rarefaction  tall.  In  general  the  chamber  and  channel 
gases  need  not  be  the  same.  Therefore,  we  will  denote 
channel  gas  parameters  bv  the  subscript  o and  chamber  gas 


tors  by  the  subscript  1.  Upon  equating  equations 


(A4)  and  ( E2 ) we  find  that 
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where  y * P/P  , the  shock  pressure  ratio.  From  thin  equa  = 
tion  the  initial  diaphragm  pressure  ratio  needed  theoreti- 
cally to  produce  a shock  with  a pressure  ratio  y can  be 
calculated.  If  t ho  cho  nnel  and  chamber  gases  are  the 
same,  we  have 

o . ♦*  i 


T?. 

1. 


( 


7 (C2) 


where  z ::  (F-P0)/P0  and  in  the  latter  equation  the  value 


( v y a Ip  r i.’i  -i  )j  J \ ■•y  <■  1} . 


f = 7/5  has  been  introduced  for  the  ratio  of  specific  heats. 
The  excess  pressure  ratio  z , which  we  prefer  as  the  shock 
strength  parameter,  nan  be  used  for  expressing  tne  * -iat lon- 
ship  between  the  flow  variations  across  the  shock. 


For  the  same  gas  compos  it  ion  of'  known  * in  chamber  and 
and  channel,  the  initial  dinohr^am  pressure  ratio  Pc/P0,  and 
the  initial  temperature  of  the  gas  in  the  tube  are  the  only  in 
tial  data  required  to  dot  ermine  the  density  distribution  aftc 


1x1  ~ 


diaphragm  rupt  ure  s ,flhe  formulae  necessary  to  determinu  the 
dors it y distribution  from  a known  z are  tabulated  in  Table 
VI,  These  formulae  determine  only  the  primary  flow,  i.o,, 
the  flow  . existing  before  reflection  at  the  closed  ends  of 
tho  shock  tubo.  A more  general  discussion  of  shock-tube 
flow  would  include  the  reflected  waves;  howovor,  sxnco  the 
studios  described  in  this  thesis  are  conoernoa  only  with 
tho  primary  3hock-tubo  flow,  tho  reflected  waves  are  not 


discussed.  A discussion  of  tho  reflected  phenomena  has 

nr  t? 

boon  given *w'w 

The  appropriate  formulae  from  Table  VI  can  be  used  to 
plot  the  theoretical  density  distributions  for  the  initial 
conditions  Pc/?0  = 50.  and  ?C/F0  = ?■  as  shown  in  Fig.  (38a) 
and  (38b),  respectively.  The  tail  of  the  rarefaction  (R) 
moves  forward  into  ♦‘he  channel  for  the  former  case  and  back- 
ward into  the  chamber  in  the  lauter  case,  'The  density 
is  attained  ac  one  diaphragm  position  for  the  case  Pp/Po=50. 
The  shock  and  contact  discontinuities  3 labeled  (S)  and 
(0)  respectively.  Each  of  the  plots  in  Fig,  38  are  to  scale 
however  the  scales  are  different  for  the  two  cases t Figs, 
(38c)  and  (38d)  are  representations  of  the  flow  on  the  (x,t) 
plane,  the  dotted  lines  are  typical  particle  paths  which 
illustrate  the  difference  betwoen  the  processes  occurring 
in  the  channel  and  tho  chamber , These  plots  apply  to  a 
diatomic  gas  whose  cf  - 7/5, 


36,  R.  K.  Lobb,  Institute  of  A cr ophys ? cs 
University  of  Toronto  (1950) 
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TABLE  VI 

IDEAL  THEORY  FORMULAE  FOP  THE  DENSITY  DISTRIBUTION  IN 
PRIMARY  3 KOCH  TUBE  FLOW 
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'1  ho  rmmer leal  rovv.’a  '>•’  the  equations  ore  .•'.'or 
a diatomic  "as  where  (T  - 7/5. 
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sound  speed  in 
shock  ’v«ve- 


OF  NOTATION  OF  ft t J-'tN Lii X c« 

the  medium  ahead  of  a rarefaction 


or 


pressure  in  flow  region  between  shock  and  tail  cf  rare- 
faction « 

Initial  channel  pressure  ahead  of  the  shock, 
initial  chamber  pressure, 
time  after  diaphragm  bursts. 

particle  velocity  in  flov.  region  between  shock  and  tail 
of  rarefaction* 

shock  velocity. 

velocity  of  tail  of  rarefaction. 

distance  along  tube,  origin  at  diaphragm  position, 
positive  in  the  channel, 

pressure  ratio,  P/P  , across  shock. 

o 

excess  pressure  ratio,  (P-P0)/F  across  shock. 

ratio  of  specific-  heat  at  constant,  pressure  to  that  at 
constant  volume. 

ratio  of  specific  heat3  of  channel  gas, 
ratio  of  specific  heats  of  chamber  gas. 
gas  density. 

initial  channel  gas  density, 
initial  chamber  gas  density, 

density  of  cold  gas  between  cold  front  and  tail  of 
rarefaction . 

density  of  hot  gas  between  shock  and  cold  front. 


APPENDIX  D 

SAMPLE  REDUCTION  Ox11'  DATA 

The  case  of  PC/PQ  - 9.80  with  the  interferometer  at 
station  B has  been  chosen  for  a sample  data  reduction  to 
illustrate  the  nature  of  the  data  analysis.  The  results 
of  the  reduction  illustrated  are  plotted  in  Figs.  22  and  30. 
The  initial  data  for  this  representative  case  are  given 
in  Table  VIII. 

TABLE  VIII 

INITIAL  DATA  FOR  P /?  =9.80,  STATION  B 

o 


Film  Hu 


5 < Dir 


i ' 
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_ 1 

L1.L4 

\ • 
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LI  17 
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Channel 
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LI  18 

l 

Flow 

\ D 
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L110 
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t. 
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L120 
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i 1 


T 1 I £2  0 0 1 

ui.0*  I Owtj  | 


r*\ — -~v,  ~ 
VAAtllJlUOX 


LI 38  672 


Flow 


cm.  of  II  g 


38.43  |9 


37  tJ  .0 


LI 39  1 67? 
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378.6 
378.5 
378 . 5 


38.61 

33 . 44 

38.44 


y,t*o  ;o;c:,y+u.o 
9.86  24.9+0,3  65.3 

3.85  24,9+0,3  65.9 


To 

ASw.i.f. 

24,5+0.6 

i — . — ■ 

• 

25 .1+0  ,3 

19,0 

25.3+0 ,2 

50.8 

25.5+0.4 

39.8 

23 .8+0 .2 

J 

31.2 

Legend.  C.I.F.  - Chr cno-Interf promoter  record 
Shock  Time -Shock  arrival  record 
Pc  - Initial  Chamber  Pressure 
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Tq  ~ Avi.1’ ij- •;  oi  a cmpora tur o "long  tube  wit-h 
me  a n d c-  v * ^ l i on 

A3...  i ^ Zorot-h  frlnve  density  with  end 

**  . a.  . j.  . " U C 

respectively  channel  and.  chamber  reference. 
The  results  obtained  from  the  plots  of  tho  shock  path 
data  and  the  derived  shock  Mach  number  are  summarized  in 
Table  IX.  These  data  determine  ( A p/f0 ) s , and  2t3  for  the 
cat>o  of  channel  flow. 

TABLE  IX 

DATA  FROM  SHOCK  PATH  RECORDS 


Film 
Number  1 

Shock  Arrival 
Time  t (msec) 

i Shock  Mach 
1 at  B M3 

No.l  ?:„=cov 

! ' ar- 

1 

646 

5.40 

j 

1.514 

< 

| 0.6426 
1 

0.886 

649 

5.39 

| 

1.510 

1 

j 0.6425 

0.879 

1 

650 

i 

i 

i 5.38 

I 

i 

1 .511 

! 0.6415 
! 

0.881 

651 

5.41 

1 -513 

| 0.6454 

0 .884 

G52 

5.41 

1.512 

j 0.6433 

_J 

0.8.83 

U/»/(*0)s 


5(Mq2-l) 
Mg^  + 5 


cQ  = 352.5  m/soc 
d 2.96b  m 


Some  of  measurements  from  the  interferometer  records  of 

channel  flow,  a]  one;  with  the  derived  values  of  A r/f'Q  and  2? 

aro  givon  in  Tablo  Xc  In  the  hot  gas  region  between  shock 

and  cold  fi'ont  a linear  correction  for  tin  dev*  at  ion  cr  the 

initial  PC/PQ  from  the  average  value  9. 8^  was  ...pplied*  The 

correction  to  (AA)  is  givon  by 
Po  s 
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<S  = °*0b0  <3-B0  - pc/pc> 

■ v ’ 7 

The  correction  to  2.  at  the  3hock  is 
£ ts  =:  ® *012  (Pc/P0  - 9. BO) 

The  correction  to  u at  the  cold  front  is 
<j>'£c  = 0*054  (PC/PQ  - 9.80) 

Thoso  linear  corrections  ire  based  upon  the  idr'llzod  shock 
tube  theory. 

TABLE  X 

REDUCTION  OP  CHANNEL  FLOrt  DATA 


i 

i 


Film  Number  j Fringe  Count  AS  (Time  tg  ’ A//^0  0/ 


! 


Relative  to  shock!  RelativOi 

! to  shock! 

i / „ ~ ^ \ i 
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p 

I* 
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L114 

| 0 | 
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• 0 .8835 

0.6432 

| a 1/2 

3.05 

1.0253 

1.008 

1 4 1/2 
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; 1.139 

1 cold  front 
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4. ,25 
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LI  17 

i o 
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r o 
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j 0.8835 

*'•.6423 

2 1/5 
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i 

| 2.96 

! 1.003 

r\  r~\  a c 

4 1/5 

1 

4.21 

i 

■ 1.13  0 

1.143 

LI  20 


31  .2+1 


5.3 


1.756 


1 .270 
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